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CHAPTER 1
General introduction
1.1 THz spectroscopy of condensed matter
Between matter and light, numerous interactions can occur. Light can be absorbed,
scattered and/or emitted by matter via various phenomena such as ionization, higher
harmonics generation, magnetic resonance, cyclotron resonance, Raman scattering,
and photoluminescence. Since the 17th century, these interactions have been revealing
fundamental properties of matter and light (e.g. band structures, magnetic and electric
interactions) as well as fundamental physical phenomena, such as photoconductivity
and the photoelectric effect. The light not only tells us a given material’s properties, but
it is sometimes also able to control those. For instance, research into new computing
devices (based on spintronics or quantum qubits) relies heavily on the fact that light
can ”switch” on or off specific properties of the material in question. Spectroscopy is
the means by which we investigate all these phenomena.
A standard way of performing spectroscopy is to use a low-intensity source to illuminate
the sample and measure either the reflection from the sample or the transmitted light
through the sample. Linear spectroscopy generally refers to light-matter interaction
with one primary incident radiation field, which is weak, and it can be treated as
a linear response, and the material can be treated as undisturbed.1 However, when
using very intense light, the material can be driven into a state where its response
is no longer linear. This non-linearity implies that the superposition principle is no
longer valid: the response of the system is not proportional to the input it received,
and the sum of two solutions is no longer a solution.When this is the case, we talk
1
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1 General introduction
about non-linear spectroscopy. In spectroscopy performed on solid-state materials,
non-linearity is revealed in two different cases: (1) when linear response theory is
inadequate for treating how the material behaves, as in the case of very intense incident
radiation, (2) when the material is being subjected to interactions with two or more
independent incident light beams.1 Researching non-linearity is crucial since many
various phenomena (even weather, social networks, diodes, etc.) are based on non-linear
principles. In order to fully understand a given material and to be able to control it, one
needs to understand both its linear and non-linear properties.
The THz frequency range, mostly between 0.2-3 THz, was historically difficult to
access due to the limited number of bright sources and sensitive detectors. Radio and
microwave electronics are too slow to follow the THz changes, and typical photonic




microwaveradio wave visible x-ray gamma-ray
Optics
100 103 106 109 1012 1015 1018 1021 1024
Figure 1.1: Overview of the electromagnetic spectrum, indicating the THz gap.
Thus, very few studies have been performed in the THz range relative to the visible or
microwave range. Since the THz range is in between that of microwaves and visible
light, it can also combine the advantages of the two: a relatively low and therefore non-
destructive photon energy, and a relatively short optical cycle. The former is especially
important in biological research; the latter might contribute to faster technology than
the current CPUs and sub-ns-based microwave architectures in telecommunication.
For more than 30 years, free-electron lasers (FELs) have been supporting non-linear
research with their high intensities and wide frequency ranges, especially in the THz
frequency range where high-intensity sources are still rare. Both in the frequency
and in the time domain, numerous experiments on solids have been performed with
FELs. Examples are cyclotron resonance and impurity lifetime measurements in
semiconductors,3–5 electron spin echo,6 and also THz harmonic generations.7, 8
2
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1 Aim
1.2 Aim
The aim of this thesis is to further develop and explore the unique properties of combin-
ing intense free-electron laser radiation and static magnetic fields. Currently, HFML-
FELIX is the only place in the world where pulsed infrared/THz FELs are combined
with static magnetic fields in excess of 12 T. In fact, HFML-FELIX provides FELs
• with an extensive range of frequencies: 0.180-120 THz
• generating Fourier-transform-limited pulses including 8-100 optical cycles
• with pulse energies up to 40 µJ
• coupled to continuous magnetic fields up to 33 T, to be extended to 38 and 45 T
with sample space in cryogenic environment: 1.3 – 300 K
Fig. 1.2 gives an overview of the possibilities of the combination of the FEL frequency
range and the available magnets. It covers the range of magnetic excitations, energies
of molecular vibrations and phonons in solids, gaps of normal and high-temperature
superconductors and, last but not least, the range of magnetic resonance techniques
such as electron spin resonance and cyclotron resonance.
Figure 1.2: An illustration of the possibilities provided by the high magnetic fields and the THz
light.
The specific aim of this thesis is to combine THz non-linear spectroscopy with high
magnetic fields and use this new technique in condensed matter research. However, the
combination and simultaneous operation of a high field magnet and an FEL is a very
challenging task due to the quite demanding technical and scientific environment. To
3
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1 General introduction
combine two large research instruments and performing the experiments at challenging
conditions of working within the small magnet bore with small sample volumes, at
cryogenic temperatures and working with long wavelengths, where it is difficult to work
with free-space optics.
1.3 Approach
Our experimental approach is based on the transportation of FEL radiation to the
magnet via a 90 m long optical beamline with 42 mirrors and the subsequent coupling
of the infrared/THz light to the sample in the magnet by using oversized waveguides.
One of the first experiments performed with this set-up was the measurement of the
transmission through InSb in the quantum limit, revealing the observation of magneto-
quantum oscillations at THz frequencies.9 Here, we aim to extend the possibilities
towards electron paramagnetic resonance and non-linear (time-resolved) experiments,
taking full advantage of both the pulse structure and high power of the FEL light.
We systematically build up the different components of the experiments, and at each
stage, we either characterize the set-up itself or investigate how we can use it to probe
non-linear effects in solid-state samples. For instance, before we can perform any
experiment, we have to characterize the properties of the FEL light that arrives at
the sample in the magnet. What is the power of the light at the sample? What is
the time structure of the pulses after propagation through the waveguides, and do
we observe any pulse broadening? How to set-up a pump-probe experiment, where
the pump and the probe beam should be separated in the detection channel? And,
very importantly, what is the coherence of the consecutive light pulses at the sample?
The coherence of the light is essential for phase-sensitive experiments such as the
detection of electron-spin echo, and obviously, the occurrence of pulse broadening
will strongly affect the results of any time-resolved experiments. In the development
of the non-linear experiments, we will follow a two-step process. In the first type of
experiment, we perform the more traditional saturation spectroscopy, where the light
transmitted through a sample is recorded as a function of the incident light power, as a
function of the magnetic field, to inspect the non-linear response of the material under
study and to select samples that are promising for the next step, i.e. performing THz
pump-probe experiments. For the saturation spectroscopy experiments we have chosen
gallium-doped germanium, a non-magnetic p-type semiconductor, and KEr(MoO4)2, a
paramagnetic insulator. These choices were based on previous studies,10–12 in which
both were shown to exhibit light-induced non-linear properties in magnetic fields. For
the final time-resolved pump-probe experiment, we have developed a new set-up, which
is tested on the gallium-doped germanium.
4
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1 Outline of the thesis
1.4 Outline of the thesis
The thesis is organised as follows: in Chapter 2 we will introduce the THz spectrometer
based on the free-electron laser FLARE with a 33 T Bitter magnet, and provide essen-
tial details of the structure of the FEL light pulses based on electron spin resonance
measurements on 2,2-diphenyl-1-picrylhydrazyl (DPPH), which is a standard of the
position and intensity of electron paramagnetic resonance signals. Intensity-dependent
cyclotron resonance spectroscopy on p-Ge will be demonstrated in Chapter 3, using the
setup described in Chapter 2. Based on these results, we have developed a single-colour
THz pump-probe setup (Chapter 4-5), which enables us to measure the Landau level
dynamics of charge carriers in the semiconductor. The most important parts of the
development of the pump-probe setup will be described in Chapter 4. The first pump-
probe experiment, on p-doped germanium, will be described in Chapter 5. Finally,
in Chapter 6, we will demonstrate a comprehensive study of the magnetic insulator
KEr(MoO4)2, including magnetisation, magnetostriction measurements besides the
THz experiments.
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CHAPTER 2
FEL-based THz spectrometer combined with a 33 T magnet
Abstract
i The free electron laser FLARE at the FELIX Laboratory generates pow-
erful radiation in the frequency range of 0.3 - 3 THz. This light, in com-
bination with 33 T Bitter magnets at the High Field Magnet Laboratory,
provides the unique opportunity to perform THz magneto spectroscopy
with light intensities many orders of magnitude higher than provided by
conventional sources. The performance of the THz spectrometer is mea-
sured via high-field electron spin resonance (ESR) in the paramagnetic
benchmark system DPPH. The narrow ESR linewidth of DPPH allows to
resolve a fine structure with 3 GHz spacing demonstrating a considerable
coherence of the individual THz micropulses of FLARE. The spectral
resolution ∆ν/ν is better than 0.1%, which is an order of magnitude higher
than typical values for a rf-linac based free electron laser. The observed
coherence of the high power THz micropulses is a prerequisite for resonant
control of matter, such as THz electron spin echo spectroscopy.
2.1 Introduction
The frequency range between 0.3− 3 THz is important for fundamental scientific
research because remarkable physical phenomena, such as, superconducting pairing,
iPart of this work has been adapted from: M. Ozerov, B. Bernáth et al., "A THz spectrometer combining
the Free Electron Laser FLARE with 33 T magnetic fields", Appl. Phys. Lett. 110, 094106 (2017).
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2 FEL-based THz spectrometer combined with a 33 T magnet
spin and cyclotron resonances of electrons, and vibronic and magnetic excitations in
solids, are observed in this region. Technologically, this frequency range is known
as the THz gap, since available THz sources (backward-wave oscillators, far-infrared
lasers), as well as developments coming from microwave (gyrotrons, Schottky diode
multipliers) and optical (quantum cascade lasers) techniques, do not have the same
performance in power and spectral qualities as narrowband sources at microwave and
optical frequencies.
Free electron lasers (FELs) produce very powerful narrowband radiation and for many
applications fill the THz gap. For instance,1 the 0.09−0.15 THz range is covered by a
FEL at ENEA, the 0.12−4.75 THz range by a FEL at UCSB; 2.5−100 THz at CLIO;
1.2−70 THz at FELBE and, 0.3−100 THz at FELIX with its most recent extension,
FLARE. FELs have a very high peak power, particularly relevant for nonlinear spec-
troscopy, and a widely tunable spectral range compared to conventional sources, and
usually a pulsed time structure. The spectral width of the FEL generated THz radiation
is typically of the order ∆ν/ν ≈ 1% for rf-linac based FELs, which is relatively large for
high-resolution THz spectroscopic studies, often requiring a width as low as 10 MHz.2
A THz FEL may serve as a source for high-power pulsed electron spin resonance (ESR)
spectroscopy3–5 in high magnetic fields. High magnetic fields result in a strong spin
polarization, thereby enhancing both the sensitivity and the resolution. Furthermore,
in a spin echo experiment an intense FEL generated THz radiation pulse may induce
spin rotation by π/2 in a few nanoseconds, which is an order of magnitude faster than
achievable with low-frequency solid-state sources.6 These improvements may allow
the detection of weak or poorly resolved signals from samples that exist only in a
limited quantity, as is quite common for biological systems. However, such an appli-
cation requires a high-power THz pulse with a narrow bandwidth. Details of FLARE
(Free electron Laser for Advanced spectroscopy and high Resolution Experiments)
are described elsewhere.7–9 Because of the long wavelength of FLARE radiation, a
waveguide is incorporated into the optical cavity to avoid excessive diffraction losses in
the undulator. This waveguide consists of two parallel metallic plates at a distance of 10
mm, extending over the entire resonator from mirror to mirror. A slit in the downstream
mirror is used for outcoupling. Over its tuning range from 0.3-3 THz, FLARE produces
intense narrowband lines but exhibits spectral gaps shown in Fig. 2.1. The reason for
the occurrence of these spectral gaps is as yet unclear. However, in combination with
the tunable magnetic field, fixed frequency operation, as it is available now, provides
unique experimental opportunities for spectroscopic applications. The time structure of
the THz radiation is defined by the radio-frequency linear accelerator and has two time
scales: a long optical pulse (or macropulse) with a duration of 4−8 µs and a repetition
rate up to 10 Hz, which consists of a train of short (∼ 20− 200 ps) THz pulses (or
micropulses) with a repetition rate of 3 GHz.10 The round-trip time of the 7.5 m long
resonator is 50 ns,which means that there are 150 independent micropulses circulating
8
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2.1 Introduction
in the resonator. The typical average power of FLARE shown in Fig. 2.1 corresponds to
a very high peak power during a single micropulse: 100 mW average power in Fig. 2.1
corresponds to ∼ 3−30 kW of peak power of the micropulse. This high peak power is
especially relevant for systems with a sub-ns relaxation time. The average power in the
macropulse is more than twice the highest power (1.6 kW) used before for pulsed ESR
at high magnetic fields.4, 5 Using parabolic mirrors, the THz radiation can be focused
to a nearly diffraction limited, almost Gaussian spot (Fig. 2.1, insert), resulting in a
strength of the terahertz electric and magnetic fields of 7-70 kV/cm and 2-20 mT for
100 mW of average power, respectively. These high values open perspectives for THz
nonlinear spectroscopy, i.e. for pulsed electron spin resonance promising a π/2 spin
rotation within a few nanoseconds. The high intensities correspond to an enormously
high photon flux beneficial for nonlinear spectroscopy. For a typical THz photon energy
of a few meV the number of photons in a micropulse is 1016 - 1020.
Figure 2.1: THz spectrum of the FLARE laser at 16 MeV energy of the electron beam. The
average power was measured at the diagnostic table. The repetition rate of macropulses is 5 Hz
and pulse length is about 5-7 µs. The inset shows the intensity profile of the 600 GHz beam
focused by a 152 mm off-axis parabolic mirror.
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2 FEL-based THz spectrometer combined with a 33 T magnet
2.2 Technical details of the setup
The spectrum of FLARE is routinely measured by nonlinear mixing of the THz
macropulses and near-infrared laser radiation inside a nonlinear ZnTe crystal.11 The
2−5% of power split off from the THz beam is converted into sidebands of the main
line. These sidebands are resolved with a 1.5 m focal length grating spectrometer with
the option to extend to double pass configuration. The THz side peaks are very close to
the main near-IR laser peak and it is important to effectively suppress the main line by
a combination of optical polarization components. In the single pass setup the detection
limit is about 1 mW of average THz power for the applied ∼ 400 mW power of 780 nm
radiation supplied by a continuous-wave fiber laser. This set-up can conveniently be
used during experiments and allows a fast detection of each macropulse spectrum with
an absolute accuracy of ∼ 1 GHz. Employing the double pass spectrometer, higher
THz power is needed and a 1.5 GHz spectral resolution is obtained, which is just
enough to measure the fine structure of the FLARE radiation.
Combining the THz FEL with high-field magnets at the high field magnet laboratory
(HFML),12 high-field and multi-frequency ESR experiments can be performed. The
THz beam propagates from the exit slit of the FEL resonator to the top of a 33 T Bitter
magnet through a 90 m-long evacuated, quasi-optical transport line with 41 gold-coated
mirrors with an aperture of 250 mm. The total loss from the diagnostic station (which
is at the half-way of the beam line) to the output waist above the magnet is about
40%. The entrance of the ESR probe is in the last waist of the Gaussian beam,13
having the same size and position for a given slit width over the entire frequency
range of FLARE. The ESR probe has a resonator-free transmission configuration,
allowing for broadband ESR experiments. Inside the probe a single oversized cylindrical
waveguide, with an inner diameter of 13 mm and a collimating end-cone, guides the
light to the sample with a typical loss of 50%. After the sample a second inverted
cone couples the light into a similar piece of the waveguide. The whole assembly is
placed inside a tube filled with He exchange gas (to cool the sample) and sealed at
the bottom by a polypropylene window. This tube is placed in a bath cryostat with
cold z-cut quartz and warm polypropylene windows at the tail.ii After the cryostat, a
brass tube guides the radiation over 3 m to a He-cooled InSb hot electron bolometer.
The ESR spectrometer is completed with an amplifier, a temperature controller and
a fast data-acquisition system. A reference signal to account for the FLARE intensity
fluctuations is measured with a pyroelectric detector and is used for normalization of
the transmitted intensity. A digital boxcar averager was used to measure both signals
iiIn this work, we used the quartz window in the cryostat and the insert as a cold window. A polypropy-
lene foil was used as a warm window on the top of the insert where we coupled in the FEL light. Later on,
we replaced the quartz windows with diamond windows in the cryostat and the insert for better cryogenic
capacity. In the coming chapters, we will use this improved setup.
10
“ThesisBence” — 2021/5/3 — 10:32 — page 11 — #19
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture











Figure 2.2: Schematic experimental set-up of the transmission measurements.
from the detectors. We used this set-up to perform ESR measurements detecting the
THz absorption of a sample as a function of the applied magnetic field. Sweeping the
magnetic field, a peak-shaped signal appears in the transmitted intensity with its center
at the resonance field determined for paramagnetic materials by hν = gµBB, where g is
the dimensionless magnetic moment of an electron, ν and B are the radiation frequency
and magnetic field, respectively, h and µB are the Planck constant and Bohr magneton.
Therefore, the field dependence of the transmitted intensity is directly proportional
to the frequency spectrum of FLARE with the resolution defined by the linewidth
inherent to the sample and the magnetic field homogeneity.
2.3 Measurements on DPPH
Solid polycrystalline DPPH (2,2-diphenyl-1-picrylhydrazyl)14 is chemically one of the
most stable free radicals. This radical was extensively characterized at low fields15, 16
and the g-factor is 2.0036± 0.0002. The small anisotropy (g‖− g⊥)/g ≈ 4 · 10−4
makes DPPH widely used for evaluating the sensitivity of ESR spectrometers and as
a marker for high-field ESR spectroscopy.17, 18 The room temperature powder spectrum
consists of a narrow line with a linewidth increasing from 0.2 mT at 109 GHz to
0.85 mT at 465 GHz. This broadening is caused by a combination of the g-factor
anisotropy and the frequency dependent relaxation time T2.18
The measured ESR spectra (blue line) are shown in Fig. 2.3 together with the spectra
obtained via optical up-conversion (red line) for two different frequencies. A fine
structure is well resolved with both methods, but the ESR spectra show a much better
resolution for the low frequency case (upper panel). Focusing on the ESR spectra we
see that the peaks are well separated with a spacing of 3 GHz. Since the ESR linewidth
11
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2 FEL-based THz spectrometer combined with a 33 T magnet
of DPPH is smaller than 0.5 GHz, the observation of this 3 GHz fine structure implies
that the 150 independent micropulses exhibit a considerable coherence: otherwise the
spectrum would consist of a random distribution of 20 MHz-spaced resonator modes
underneath the envelope. A similar fine structure, can also be seen in the grating
spectrometer in double pass configuration. This set-up has a better signal-to-noise
ratio, but a lower resolution than the ESR approach. The inherent peak broadening
is probably substantially smaller than the value found experimentally ∆ν/ν ≈ 0.1%
(Fig. 2.3), which is solely limited by the intrinsic resolution of the experimental setup.19
Therefore, the width of the 3 GHz mode under the spectral profile is at least an order of
magnitude smaller than the natural width of a FEL, ∆ν/ν ≈ 1/2N, which for N = 40,
the number of undulator periods of FLARE, gives a width of 1%.
Using the optical up-conversion approach, the same 3 GHz structure was also observed
for higher frequencies up to 2.7 THz. The fact that a series of 3 GHz-spaced peaks
is generated by FLARE instead of a single spectrally narrow line is not necessarily
a severe disadvantage for simple spectra, like DPPH, and in fact allows relatively
high resolution ESR at frequencies and fields far beyond the range of any standard
spectrometer. Of course, when spectra are more complicated and consist of several
closely spaced lines, the FLARE spectrum with several 3 GHz spaced modes adds
complexity. In the future, we envisage introducing external filtering,20 to obtain a truly
single frequency operation. The number and amplitude of the neighboring peaks reflect
the mode pattern of the laser pulse, depending very much on the setting of the FEL.
Close to the synchronous condition, where the cavity length is an exact multiple of the
3 GHz repetition rate, the optical pulse will be rather short and the spectral envelope
therefore broad. Occasionally, the spectrum also shows an extra frequency component





Figure 2.3: FLARE spectra measured for two different frequencies using a grating spectrometer
in a double pass configuration (red lines, top axes) and the ESR spectrum of DPPH in high
magnetic field (blue lines, bottom axes). Dashed lines indicate harmonics of the RF frequency
(3 GHz) of the accelerator.
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2.4 Conclusions
of which is shown in Fig. 2.4 a, it is possible to obtain a quasi-single THz line by
optimization of electron beam properties and cavity length detuning. The narrow line
shape with only one dominant peak, means that the micropulses overlap to form a
continuous THz pulse with a duration equal to that of the macropulse (Fig. 2.4 b).
The small spectral sub peaks are caused by some residual amplitude modulation going
from one micropulse to the next. The phase noise of the carrier is determined by the
coherence of the 150 micropulses circulating in the resonator. As the linewidth of the
peak is at most 0.5 GHz (or ≈ 0.1% of 495 GHz), the corresponding coherence length
of 6 (or 3 GHz/0.5 GHz) micropulses can be considered a lower limit.
(b)(a)
Figure 2.4: a) The experimental FLARE spectrum exhibiting one dominating mode (blue line).
The orange lines correspond to the spectral positions resulting from b) a series of coherent
THz micropulses. The dashed black line shows a Gaussian lineshape of single micropulse in a)
frequency and b) time domains.
2.4 Conclusions
The observed coherence between the independent micropulses is not completely surpris-
ing, even though FELs are usually said to start up from noise. Coherence has previously
been observed21 especially for FELs employing a combination of short electron pulses
and long wavelengths .22–24 In general, the spontaneous radiation emitted by the elec-
tron bunch consists of an incoherent part scaling linear with Ne and a coherent part,
scaling as N2e , with Ne the number of electrons in the bunch. Because Ne is about 10
9,
even a small structure in the density profile at the scale of the wavelength, can easily
dominate the spontaneous radiation and provide a seed for the phase. This way the very
high stability of the bunch repetition rate, typical for RF accelerators, and hence the
small jitter in the arrival times in the undulator, can be imprinted on the phase of the
optical pulses. As the structure on the e-bunch depends on very subtle changes in the
settings of the accelerator and the resulting amount of coherent spontaneous radiation
13
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2 FEL-based THz spectrometer combined with a 33 T magnet
can vary by orders of magnitude, it is difficult to predict the degree of coherence of
the optical pulses at a certain wavelength. Moreover, the coherent spontaneous emis-
sion will depend on the exact cavity length, as this determines whether the circulating
micropulse will remain in phase with the e-bunch structure until the FEL gain takes over.
The observed coherence of the micropulses is highly relevant for future applications
in high magnetic fields, as for instance pulsed ESR and spin-echo experiments. In
a frame rotating at the Zeeman frequency in a given DC magnetic field, the THz
radiation is seen as a constant transverse magnetic field that makes the electron spins
precess. The amplitude of this transverse field is given by the radiation intensity and
determines the frequency of the spin precession, which together with the micropulse
duration determines the amount of spin rotation. If all micropulses are coherent,
the first pulse rotates the spins with a certain amount, and after a while the second
pulse rotates them a bit further. Therefore, on a time scale that is short compared to
the relaxation/dephasing time of a sample, a coherent set of intense micropulses is
equivalent to a (lower) continuous field. Given the FLARE intensity, a rotation angle of
π should be achievable. Therefore our observations indicate that FLARE can be used
for ESR spin-echo experiments at the high magnetic fields available at HFML.
In summary, we have determined the spectral characteristics of the spectrometer con-
sisting of FLARE, which produces a µs-long pulse train of micropulses with a rep-
etition rate of 3 GHz, and one of the 33 T Bitter magnets of HFML using DPPH
as benchmark system and compared the results to spectral measurements of FLARE
using optical upconversion. The width ∆ν/ν 6 0.1% of the observed ESR peaks al-
lows for high-resolution spectroscopic studies. Furthermore, the frequency spacing
is confirmed to be exactly the repetition rate of the electron bunches, meaning that
the origin of these well-separated peaks is a considerable, electron beam induced
coherence between the micropulses. The latter finding shows the potential of this
spectrometer for ESR spin-echo experiments.
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CHAPTER 3
FEL-based cyclotron resonance spectroscopy on Ga-doped
germanium
Abstract
Intensity dependent cyclotron resonance experiments were performed on
gallium doped germanium. We present the cyclotron resonance curves at
14.5, 23 and 31.5 cm−1 in the intensity range of 7.6 ·102- 6.1·105 W/cm2
at 4.8 K. The high laser intensities and low temperature provide ideal
circumstances to study inter Landau level transitions in the valence band of
germanium, where the hole levels are occupied by laser induced ionization
of the Ga-levels. Significant shifts in the effective masses due to the intense
light are observed. We successfully model the experiments and fit all the
curves obtaining effective masses, scattering times and the occupations of
the different levels. The obtained values of the effective masses and the
scattering times are compared to those in the literature. The results of this
experiment are crucial for modeling the dynamics of the holes, which will
be described in Chapter 5.
3.1 Introduction
Cyclotron resonance experiments have been performed since the 1950‘s and became
crucially important to investigate the band structure of solids, especially semiconductors.
The most important semiconductors, such as Si, Ge and GaAs, have been characterized
17
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
by means of cyclotron resonance more than 50 years ago.1, 2 More recently, these exper-
iments have been extended towards high magnetic fields or high frequencies with strong
intensity, which are now readily available in many laboratories. Several outstanding
issues still remain, however. For example, hole-doped (p-doped) germanium has a
number of features associated with its non-parabolic band structure and non equidistant
Landau levels3 that have not been studied yet. Despite the fact that p-Ge is widely
employed in THz detectors,4 or as a substrate5 and it is a promising candidate for
lasers,6 experiments in high magnetic fields under intense THz radiation are scarce.
Using the unique combination of very high magnetic fields and very intense THz free
electron laser light available at HFML-FELIX, we investigated p-doped germanium.
In the remainder of this section, we first introduce the basics of cyclotron resonance
measurements and we provide a historical overview of previous studies performed on
p-Ge. Then, in the subsequent sections we present the results of our measurements,
their subsequent modelling and finally, our conclusions.
3.1.1 Cyclotron resonance
Free moving charges (q) in a DC magnetic field (~B) are affected by the Lorentz
force ~F = q · (~v×~B). The direction of the force is perpendicular to both the direc-
tion of the field and the direction of the velocity of the charge. Because of this
force, the charge will spiral about an axis in the direction of the magnetic field





ωc is called the cyclotron frequency, B =
∣∣∣~B∣∣∣, and m is the mass of the charged particle.
When an electromagnetic wave with angular frequency ω is applied, resonant absorp-
tion of energy may occur when ω = ωc, which is called cyclotron resonance. Another
condition for the cyclotron resonance to occur is that the electric field of the light should
have a component perpendicular to the direction of the magnetic field. The resonance
is well resolved only if the particle has enough time to absorb the energy from the light.
The relevant timescale is here given by the scattering time τ , which is the average time
between subsequent collisions of the particle. The condition to observe a sharp reso-
nance is ωcτ >> 1. Though this is a classical phenomenon, in the 1950‘s Dingle7 and
Dorfman8 pointed out that by cyclotron resonance experiments the quantum mechanical
effective masses of charge carriers in condensed matter can be obtained. Since then
numerous cyclotron resonance experiments have been performed, revealing invaluable
information about the band structure of metals and semiconductors, including 2DEGs,
quantum wells and other low-dimensional nanostructures. The well-known textbook
18
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3.1 Introduction
example of cyclotron resonance was performed on bulk silicon and germanium by Dres-
selhaus, Kip and Kittel.1 These first observations boosted the theoretical and further
experimental investigation of these materials, which in turn led to the discovery of pecu-
liar phenomena, such as a non-parabolic band structure3 and negative effective masses.9
Cyclotron resonance also became a viable method to investigate the polaron effect.10
Landau11 showed that the free electron in a magnetic field and in vacuum behaves as








where n is the integer Landau quantum number counted from 0, me is the free electron
mass. k|| is a component of the wave vector of the particle, which is parallel to the
applied magnetic field. The general convention is to use the direction of the z element
(kz) of the base vectors of the reciprocal space parallel to the field. We then use kz
notation in the coming part of the thesis. Using the selection rules of light in the electric
dipole approximation and the wavefunctions of the harmonic oscillator implies that
the possible optical transitions are those in which ∆n =±1. In solids additional rules
also can occur12 but ∆n = ±1 is valid also in the case of germanium and silicon.13
In the ideal case, it is easy to see that with every increment of n the same parabolic
band appears, so the transition energy is solely defined by h̄ωc:




which only depends on the charge and mass of the electron. The effective mass
in solids can be defined by






where i, j mean the x, y, z directions in k-space. Often, like in germanium, the band
structure is anisotropic and non-parabolic, meaning that ε depends on kx, ky, and kz,
characterized by a rather complicated function of the components of~k. This implies that
the effective mass is not constant and that the n dependency of ε is not necessarily linear.
The reason behind these peculiarities is the strong spin-orbit coupling.14 In this case
resonant absorption is still possible but the expression for the energy spectrum becomes:




where J = L+ S is the eigenvalue of the total angular momentum operator, which
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
is the sum of the orbital momentum and spin operator. The most important differ-
ence between Eq. 3.3 and 3.5 is that in the latter m∗ represents the resonance ef-
fective mass. This mass does not belong to band n+ 1 nor n, but rather expresses
the difference in the curvature of these bands.
We also must emphasize that the resonance effective mass and the effective mass
defined by Eq. 3.4 are not necessarily the same. For instance, if we consider two bands,
n and n+ 1, which have different band curvature, Eq. 3.4 gives different effective
masses for the two bands (mn and mn+1 respectively). The cyclotron resoncance,










in the simplest case. One can see from this formula that only in the case of iden-
tical parabolic bands the resonance mass equals to the effective mass defined by
Eq. 3.4. Note that this mass is valid only along the direction of the applied mag-
netic field. In this study we investigate the effect of only one magnetic field direc-
tion but with different frequencies and high intensity of THz light. In this thesis
when we use the word ”mass” or ”effective mass”, we always mean the cyclotron
resonance effective mass m∗ defined by Eq. 3.5.
3.1.2 Valence band structure of germanium in magnetic fields
In order to understand the valence band of the germanium in the framework of cyclotron
resonance, at first we show the general idea of the measurement. In Ge and Si the
cyclotron resonance is only observable at low temperatures. At low temperatures
however, there are no carriers in the band thus a carrier creating process is required. In
case of shallow impurities there is a very high probability that the microwave or THz
light ionizes the impurity states, after which it is absorbed by a cyclotron resonance
transition. We will give more details about this process in Chapter 5. For the time
being, considering the cyclotron resonance experiment on p-Ge and its model, it is only
important to know that the light is absorbed through inter Landau level (LL) transitions
and also through the ionization process. We note that in our case the ionization is a
non-resonant process and that its efficiency depends on the frequency and the intensity.
The valence band structure of germanium was exhaustively studied in the 1950’s,
both experimentally and theoretically. Luttinger15 gave the general quantum theory
of cyclotron resonance in semiconductors. Wallis and Bowlden3 specified this theory
for the valence band of germanium. Here, we summarize the most important findings.
Fig. 3.1 (a) shows schematically the band structure of gallium doped germanium near
the valence band. Zero energy is defined at the bottom of the valence band. The
20
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Figure 3.1: (a) Scheme of the energy levels in Ge:Ga. The red lines are the Ga impurity levels.
1Γ+8 is the ground state of the Ga atom. The dashed arrow shows the gap between the Ga ground
state and the valence band minimum at zero magnetic field. The black lines show two light
and heavy hole sub-bands. (b) Scheme of the cyclotron resonance after ionization assuming
equidistant LLs. The red arrows have same length and they represent the same frequency of the
incident photon.
impurity ground state is situated 11 meV below the band. 11 meV is equivalent to
128 K or 89 cm−1, meaning that at low temperatures there are negligible carriers in
the band. In order to measure cyclotron resonance, however, we need carriers in the
band. In this case, carrier creation can be achieved in a number of ways. First, by
raising the temperature, second by optical excitation using incident radiation higher
than the ionization energy 89 cm−1. Finally, light induced ionization of the impurity
atoms, using light below the ionization energy. We use this latter method using light
with a high enough intensity to drastically increase the probability of ionization. The
process is illustrated in Fig. 3.1 (b). Our highest excitation energy is 4 meV, far below
the transition to the lowest level (1Γ−8 at 6.8 meV), so in this study we can also safely
neglect the effect of intracenter transitions. After ionization, we observe cyclotron
resonances in the valence band, and in order to understand these transitions we have
to consider the precise valence band dispersion. The edge of the valence band is
fourfold degenerate with total angular momentum J = 32 . There are two heavy hole
(HH) sub-bands ε−1,2 and two light hole (LH) sub-bands ε
+
1,2. We note that the theory
3, 15
describes that the valence band is originally sixfold degenerate. However, in case of
Ge the spin-orbit coupling is rather strong. Therefore, the sixfold degenerate level
breaks up into a fourfold and a twofold degenerate one. The twofold degenerate level
21
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z
Figure 3.2: Energies of the Landau levels (LLs) of the different sub-bands of the valence band
in germanium measured from the band edge in units of h̄ωc. The plot is based on the first
order calculation of Wallis and Bowlden.3 The numbers correspond to the Landau magnetic
quantum number. At small numbers the LLs are not equally spaced. The red arrows show the
transition between the first two levels. The black arrows indicate the transitions between the
higher (mostly equidistant) LLs.
is called the split-off band and is located 290 meV above the HH and LH bands. The
split-off band has total angular momentum J = 12 and the fourfold degenerate level
J = 32 . Since the energy difference is very large between the split-off band and the
LH-HH bands, at low temperatures only the LH and the HH bands contribute to the
optical transitions in the THz range. Hence, we only discuss the behavior of the LH
and HH bands. The sub-bands strongly interact, resulting in a non-equidistant LL
distribution at low quantum number (n), as shown in Fig. 3.2. Wallis and Bowlden
extensively discussed the sub-band structure of p-doped Germanium in their seminal
paper in 1960. The most peculiar sub-band is ε−1 , the minimum of which is not at kz
= 0. At kz = 0 the band has a local maximum that results in a negative effective massi
iThe negative effective mass has important consequences in the development of lasers and negative-
effective-mass amplifier and generator (NEMAG).16–18 In cyclotron resonance the negative effective mass
strongly influences the spectrum only at negative magnetic field when ~H points along the direction of
propagation of the~k of the light.9Furthermore the light must be circularly polarized in order to obtain an
observable effect. We measured with unpolarized light so the effect of negative mass does not appear in
our case.
22
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. According to Wallis and Bowlden3 only the light hole quantum number can be
counted from n = 0,1,2..., the heavy hole number starts from n = 2, because the smaller
values result in unphysical eigenvalues of the Hamiltonian. Thus, in the case of ε−1
from n = 2 to n = 5 the values increase from -0.064 me to -0.021 me. The minimum of
the ε−1 band for n = 2 is at kz = 0.74 ·L
−1
B and it goes towards zero as n increases
ii. At
n = 7, the minimum is at kz = 0.57 ·L−1B . The effective mass then grows in this region




= 0.198 me to n = 7 m∗ε−1
= 0.276 meiii. Therefore, at kz = 0 there are
lighter holes compared to the minimum of the band. Such a varying sub-band can
result in an interesting feature of the cyclotron resonance spectrum; depending on how
many particles occupy a given n-th level, and what light frequency is used, different
sections of the band will be probed and different effective masses will be found. In
the literature this is known as the ”kH effect” (kH or kz, is the k-vector along the field
direction).21 In the case of usual cyclotron resonance, the transition occurs mostly
near kz = 0 as the density of states is the largest there. However, as we mentioned
before, the low lying Landau levels have a complicated kz dependence so that the joint
density of states sometimes takes an extremum at a kz 6= 0. Therefore, in order to
obtain the absorption peak position theoretically, the transition probability over the
entire range of kz should be calculated. Experimentally this leads to a resonance peak
broadening, a shift of the resonant field, or the emergence of new peaks at unexpected
magnetic field values. This is intriguing, but it makes the interpretation of experimental
data very challenging, as we will see later on Section 3.2.
At high temperatures and/or at low magnetic fields, this quantum effect was not recog-
nized in the first experiments1.19 Two hole bands were reported with effective masses
of m∗LH = 0.04 me and m
∗
HH = 0.3 me, and no sign of saturation was observed. The
masses were correct, but later on it turned out that they originated from the high n LLs
where the effective mass was different from that associated with the lower states. The
aformentioned studies were performed in the temperature range of 1.3 - 4.2 K using con-
tinuous wave (CW) microwave sources (9 - 25 GHz), and white tungsten light to create
carriers20 in the band. The quantum effect parameter η = h̄ωkBT (h̄ω is the photon energy
for the measurement, kBT is the thermal energy) gives an indication on how likely one
can observe the signs of the peculiar band structure during the cyclotron resonance
experiments. In the first experiment1 η was small, between 0.11 and 0.29, so only two
distinct hole peaks were observable. With these conditions the population of higher LLs
is very high (due to heating effects and not high enough magnetic fields for resolving
multiple peaks). As a consequence, the complex band structure is not observable at the




eB means the magnetic length.
iiiFor ε−2 they also determined the effective masses that have similar values to ε
−
1 , but in this case the
heavier masses are at kz = 0.
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
Figure 3.3: Cyclotron resonance in the valence band of Ge at different photon energies24 at B
|| (100). The abscissa is scaled by the effective mass m∗/m = eB
ωme
to scale the magnetic field
to be able to compare the peaks for different ω . The data for 5.57 mm (1.8 cm−1), 33 µm
(29.7 cm−1), and 119 µm (84.0 cm−1), are by Hensel22 , by Bradley et al.23 and by Suzuki
and Miura,24 respectively. The quantum effect parameter η is also indicated on the plot. This
picture is a copy of Fig. 4.29. of Ref.21
ble in p-Ge, having the condition of η > 1.20, 22–24 The summary of these experiments
is shown in Fig. 3.3, revealing very rich spectra with many peaks due to the different
effective masses. In essence, many absorption peaks are observed because in this case
η > 1. The higher this number, the more peculiar features of the band are visible on the
spectra. These experiments have indentified up to 5 different transitions with masses
between 0.044 − 0.256 me. There is a tendency that with larger resonance energy (h̄ω),
the m∗ is larger. This dependence is due to the interaction of the valence band with the
conduction band and the split-off band.21 To our knowledge there are no systematic
studies on the intensity dependence of these transitions. In an earlier experiment we
have extended the cyclotron measurements to much higher values of η = 5.7 − 11.7
(Gogoi et al.25). Those experiments have been executed both with a Bruker FTIR
spectrometer (low power, ν = 30 − 120 cm−1) at elevated temperatures of T = 30 K,
24
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as well as with high power FEL radiation (7 – 100 cm−1, 3 GHz modeiv) at 1.3 K. Those
measurements were performed on a p-type Ge:Ga sample obtained from MTI Corpora-
tion, with a concentration between 2.11 − 3.18 ·1014 cm−3, as determined26 from the
room temperature resistivity measurements (10 – 15 Ωcm). An overview of the results
is visible in Fig. 3.4. This plot shows the 4 distinct cyclotron excitations, consistent





HHε−2 transitions (solid lines), as well as a fifth additional peak, indicated by blue full
squares in Fig. 3.4. The appearance of these transitions are not obvious, and they only
occur at high intensity. We attribute the peak to a large occupation of HHε−2 , such that
there is a high probability to populate the LLs beyond the first two quantum numbers.
These results in the literature show that due to the complex valence band structure at
least 5 different cyclotron resonance transitions can occur. In the following we will
explore these transitions as a function of power of the free-electron-laser radiation.






















 FEL at 1.3 K
 FTIR at 30 K
LHe+2
 2 ® 3
 3 ® 4
 4 ® 5
 5 ® 6
Figure 3.4: The resonance position-field diagram of Ga-doped Ge from Ref.25 The FEL
measurements (full symbols) were obtained at 1.3 K. FTIR data (open symbols) were obtained
at 30 K. In these measurements η = 5.7−11.7. The lines are calculated based on Ref.3, 25 The
solid lines indicate the transition between the first two LLs, while the dashed lines show the
higher LL transitions of HHε−2 .
ivWe note that we used the free-electron laser FLARE, which is a pulsed laser with adjustable repetition
rate. The rate was 3 GHz in the Ref.25 In the coming part of this chapter the spectra were obtained with
60 MHz repetiton rate. Typically, the micropulse energy will be larger in 60 MHz mode, because in order
to reduce the number of spectral gaps, the machine is running with the higher microbunch charge.
25
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
3.2 Power-dependent cyclotron resonance measurements on
gallium-doped germanium
3.2.1 Experimental results
In our work, we focus on the effect of high intensity, very short pulses (FWHM: ≈ 20 -
40 ps) generated by the free electron laser FLARE in the frequency range of
14 − 32 cm−1 and the magnetic field range of 0 − 10 T at 4.8 K. Under these
conditions prominent effects due to the complex valence band structure are expected
because the quantum effect parameter η is between 4.3 − 9.6. There is no specific
theory that describes the high intensity limit of hole cyclotron resonance experiments in
germanium, but previously saturation of the cyclotron resonances and a deviation of the
effective masses as predicted by Wallis and Bowlden were observed.25 In this chapter,
we study this phenomenon further. Though numerous experiments have been performed
on germanium since the 1950’s,1, 27, 28 there are not many reports of cyclotron resonance
experiments being performed in the frequency range of 14 - 32 cm−1, i.e. below the ion-
ization energy of the gallium impurities (see Fig. 3.1) and below the energy required for
impurity interlevel transitions. Regarding the experimental technique, the fundamental
differences between the methods of the 1950‘s and our FEL based approach are that
we measure transmission rather than reflection, and that we use short, intense pulses
instead of CW radiation. We performed cyclotron resonance measurements using the
setup described in Sec. 2.2. The sample was gallium-doped germanium with an impu-
rity concentration of NA = (5.7±0.03) ·1014 cm−3, as determined by Hall-resistivity
measurements. The temperature of the experiment was 4.8 K, measured by a calibrated
thermometer located 2 cm from the sample. Here, we present the transmission at 14.5,
23 and 31.5 cm−1v in the intensity range of 7.6·102- 6.1·105 W/cm2vi at the position
of the sample (Fig. 3.5 - 3.7). We used the 60 MHz mode of FLARE, which gives
16.7 ns spacing between the micropulses. The micropulses are grouped into 10 µs-long
macropulses, which in turn have a repetition rate of 5 Hz. The magnetic field and the~k
vector of the light were oriented along the (100) axis of the crystal (Faraday configu-
ration). We analyse the data in terms of four two-level systems (the ε peaks) and one
vIn this frequency range the impurity levels cannot be excited resonantly, which makes the interpretation
of the results easier. The transmission above 31.5 cm−1 is described in our other work.25
viWe note that the absolute intensities are approximated values based on the characterization of the
waveguides, which included the investigation of light coupling, loss, and beamprofile. Since the overall
setup is very large and the absolute power is not measurable at the position of the sample in the real setup,
these values always have uncertainties. Based on our hands-on experience of aligning the FEL light, we
are convinced that this error in not bigger than a factor of 3 or ±4.8 dB. We emphasize that the attenuators
were characterized by measuring the absolute power so the error of the relative intensities shown in the
intensity dependent spectrums, is negligible.
26
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Figure 3.5: Cyclotron resonance curves from the lowest (bottom curve) to the highest (top curve)
intensity at 14.5 cm−1. Black curves are the measured data, the red curves are the fits. The
highest intensity (0 dB) is 6.1 ·105 W/cm2. The dips from left to right are LHε+2 , LHε
+
1 , and the
three heavy holes (HHs) merged in the same dip. The curves are vertically offset for clarity in
steps of 0.25. The bottom curve has no offset.
many-level system (mls). The mls represents equidistant LL transitions in the HH band.
We note that the individual HH levels, consistent with the 5 Landau level transitions
observed in our previous high power experiments,25 cannot be resolved at the low
magnetic fields so the three different excitations (HHε−1 , HHε
−
2 and mls) are merged
in the same transmission dip, marked as HHs. At higher magnetic fields it is possible
to resolve these three excitations25 see Fig. 3.4. We note that there are no electrons
in the conduction band because the ionization only promotes carriers to the valence
band. Fig. 3.5. shows the evolution with power of the cyclotron resonance spectra at
14.5 cm−1. It is apparent how the different powers change the visibility of the different
peaks. At low power the three peaks, LHε+2 , LHε
+
1 and HHs have approximately
the same intensity. With increasing power ε+1 and ε
+
2 become more clear, but finally
saturate. The HHs peak dramatically increases with power, becomes broader, but also
saturates at high powers. In addition, we observe that the centers of the peaks shift as a
function of intensity. This is a direct consequence of the effective mass changing due
to the varying populations of the bands, which is in itself determined by the intensity
of the light. Unfortunately it was not possible to generate similarly high powers at
other frequencies. Nevertheless, the spectra for 23 cm−1 and 31.5 cm−1 show a similar
27
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Figure 3.6: Cyclotron resonance curves from the lowest (bottom curve) to the highest (top
curve) intensity at 23 cm−1. Black curves are the measured data, the red curves are the fits. The
highest intensity (0 dB) is 1.9 ·105 W/cm2. The dips from left to right are LHε+2 , LHε
+
1 , and the
three heavy holes (HHs) merged in the same dip. The curves are vertically offset for clarity in
steps of 0.25. The bottom curve has no offset.
dependency on the light intensity, as shown in Fig. 3.6vii and in Fig. 3.7. Before we dis-
cuss the fitting of the curves and the derived parameters (scattering time, mass, absolute
intensity, population of levels), it is important to visualize what the data already show
us regarding their non-linear behavior. A handy solution is to plot the relative absorp-
tion coefficients, which gives valuable information about the sample. Neglecting the





where Tm(B) is the measured normalized transmission defined in Eq. 3.31 and h is
the length of the sample along the direction of the magnetic field. In practice, for
the argument of the ln function we took the minimum value of a dip and we nor-
malized it with the highest value of the given transmission curve. Fig. 3.8 shows
the peculiar power dependence of α .
viiThe FEL at 23 cm−1 provided the pulses with relatively large amplitude noise. That is why this plot
is more noisy than the others.
28
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Figure 3.7: Cyclotron resonance curves from the lowest (bottom curve) to the highest (top curve)
intensity at 31.5 cm−1. Black curves are the measured data, the red curves are the fits. The
highest intensity (0 dB) is 7.6 ·104 W/cm2. The dips from left to right are LHε+2 , LHε
+
1 , and the
three heavy holes (HHs) merged in the same dip. The curves are vertically offset for clarity in
steps of 0.25. The bottom curve has no offset.
Figure 3.8: The peak absorption coefficients collected from Fig. 3.5, Fig. 3.6 and Fig. 3.7 at
4.8 K. The colors correspond to the frequencies: black, red, green are for the 14.5, 22.9 and
31.5 cm−1 respectively. The average THz power was measured at the diagnostic station. The
lines are simply straight line connections between the points, and roughly reflect the power
dependence of α . (a), (b) and (c) represent the LHε2+, LHε1+ and the HH transitions. The
α = 0 points were also measured but we do not show them in Fig. 3.5 - 3.7 since they are
featureless straight line transmissions.
29
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
In every case, the higher power means larger α (possibly, with higher power more
impurities are ionized, therefore the absorption is higher) and after a certain power, α
decreases meaning that more absorption is not possible. The plot also shows that mostly
the smaller frequencies have larger α values, indicating a more efficient absorption
process towards the long wavelengths. Even if this plot was obtained under resonance
conditions, it cannot give information on which process contribute more to α : ionization
or cyclotron resonance. In order to figure this out, one needs to perform a detailed power
dependent photoconductivity and/or absolute transmission experiment in magnetic field.
Such studies are beyond the scope of this thesis. With this plot, however, we can later
check the consistency of the derived parameters from the fit, see Section 3.2.3.
3.2.2 The model and the effect of the high FEL intensities
Here, we present a model which qualitatively describes the cyclotron resonance of the
valence holes in Germanium, which we will use to fit the data in Section 3.2.1 to obtain
the effective masses of the different sub-bands as a function of power. In Chapter 5 it
will also be used to describe the results of the pump-probe experiments. We follow the
approach from B. Lax31, 32 in order to phenomenologically explain our results.
Let us consider an electron in the valence band as a classical oscillator with the
oscillator frequency corresponding to that of the energy associated with the partic-
ular interband transition involved. Then, in the presence of a magnetic field, the

















The index k corresponds to the wavenumber of the electron. ~rk is the displacement
vector; ωk is the corresponding oscillator frequency; ~E is the electric field vector
of the incident radiation, and τk is the collision or scattering time. The charge q is
∓1.602176× 10−19 C, for electrons (-) and holes (+) respectively. The cyclotron
angular frequencyviii is qBmk = ωk,c at a given k. The angular frequency of the excita-
tion is ω . From Eq. 3.8. the speed vector can be expressed, which then gives the
current density vector (~J) and the conductivity (σ ).
If the coordinate system is chosen such that the magnetic field is taken along the z
viiiIn this work the ω type characters always refers to the angular frequency. The frequency of the laser
(ν) indicated in the graphs or in the descriptions is not angular.
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Let us call the matrix above Ak and its inverse A
−1
k . The speed vector can be ex-
pressed by A
−1











































































Nk = σ~E, (3.13)
where σ is the complex conductivity tensor for cubic materials and Nk represents the
number of transitions corresponding to k, which depends on the oscillator strength
( the probability of absorption or emission in transitions between energy levels).
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
In case of cyclotron resonance, we can distinguish the left (”-”) or right (”+”) cir-
cularly polarized light components. Therefore we define the conductivity accord-
ing to these polarizations.





We can limit ourselves to the summation over the hole sub-bands because we have
not observed cyclotron resonance of electrons. Furthermore, we assume that com-
pared to the hole cyclotron resonance, the effect of other oscillators (impurity states,
phonons etc.) are negligible, so we set ωk to zero. We will give more details about
τk, mk and Nk later in Section 3.2.3 when we discuss the fitting procedure. From
here one can define the dielectric function:




where ε∞ is the response at infinite frequency that is the contribution from the
core electrons.33
Figure 3.9: N1, N2 and N3 are the populations of the Ga ground state, lowest LL and the first
excited LL, respectively.
We model our experiment as a two-level system and the impurity ground state at any
of the HH or LH sub-bands (Fig. 3.9). In the coming part of the thesis we will use
the notation of the populations as described in this plot. As we explained earlier
(Fig. 3.4 and Section 3.2.1), the HH excitations consist of two two-level systems and
a ladder of equidistant transitions (many level system or mls). At the low frequency
range the independent HH transitions cannot be resolved. Taking into account the
different hole bands we can write Eq. 3.16 explicitly:
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and the population of the mls is Nmls. The cyclotron angular frequency is ω j,c =
qB
m j




term is the square of the plasma frequency ω2p j .
34–36 In our notation we
address the valence band such that N2 is the density of holes at the bottom of the band,
on the ground state Landau level, and N3 stands for the first excited Landau level.
Note that in the summation in Eq. 3.17 we use the differences of these populations.
This is because we want to express the number of possible transitions in the two-
level systems. The Nmls has no such limitation because it is not a two-level system,
therefore the excitation can happen from any populated level regardless their initial
populations. To express this complication we will treat Nmls as a fit parameter, which
is completely independent from the other levels. The effective mass and scattering
time for the many-level system are mmls and τmls. If we know the dielectric function
ε±, we can easily define the refractive index as nr =
√
ε±µr, where µr is the relative
permeability, which in our case is equal to 1.37 From the real and imaginary part of
nr we can calculate the transmission according to the fundamental optical principles
as discussed in Reference.38 We assume that our light mode is TE as in the oversized




Figure 3.10: The absorbing sample situated between two dielectric media.
The geometry is shown in Fig. 3.10. Here we use the general formalism for differ-
ent dielectric environments and arbitrary incident angle θ1. In the regular transmis-
sion insert (used in Chapter 2 and also here), θ1 = 0◦ and the sample is surrounded
by vacuum so n1 = n3 = 1. In the pump probe insert (which will be introduced
in Chapter 4), however, θ1 = 38.35◦ and n1 = n3 = 3.416 due to the presence of
silicon prisms that sandwich the sample.
For the remaining calculations it is convenient to set
n2 cos(θ2) = u2 + iv2, (3.18)
33
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where u2 and v2 are real. We can express θ2 and θ3 from Snell’s law of refraction:
n3 sin(θ3) = n2 sin(θ2) = n1 sin(θ1). Let us now consider the reflection of the electric
field vector from the sample surface connected to the first medium. Ein1(ω) is the
electric field of the incident light in medium n1, Er12(ω,φ12) is the reflected light





n1 cos(θ1)− (u2 + iv2)
n1 cos(θ1)+(u2 + iv2)
. (3.19)
The explicit expressions for the amplitude and phase are:
ρ12 =
√
(n1 cos(θ1)−u2)2 + v22
(n1 cos(θ1)+u2)2 + v22








For the transmission at the first interface we have:
t12 = τ12eiχ12 =
2n1 cos(θ1)





(n1 cos(θ1)+u2)2 + v22






Analogously we obtain the reflection and the transmission at the second interface:
ρ23 =
√
(n3 cos(θ3)−u2)2 + v22
(n3 cos(θ3)+u2)2 + v22













(n3 cos(θ3)+u2)2 + v22









It is useful to set ζ = 2π
λ0
h where λ0 is the wavelength of excitation and h is the
thickness of the sample. The phase shift due to the light propagation in medium
n2 is then β = ζ (u2 + iv2). Taking into account the absorption in medium n2 and
the two different media before and after the sample, we can define the relations
between the incident electric field Ein1(ω), the total reflected light Er(ω,δr), and
the total transmitted light Et(ω,δt):
Er(ω,δr)
Ein1(ω)
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δr = arctan
(















e2v2ζ sin(2u2ζ )−ρ12ρ23 sin(φ12 +φ23)
e2v2ζ cos(2u2ζ )+ρ12ρ23 cos(φ12 +φ23)
)
+χ12 +χ23−u2ζ . (3.28)
Now the reflectivity and the transmissivity can be expressed as:
R = |r|2 , T = n3 cos(θ3)
n1 cos(θ1)
|t|2 . (3.29)
The FEL provides linearly polarized TEM light. As soon as the light enters the
waveguide system, it will have multimode propagation because of the large diameter
of the waveguides compared to the wavelength. To handle this case and determine
the light-matter interaction one should simulate or accurately measure the time and
spatial profile of the light before the sample. In practice this is not possible. That
is why we use a single mode with the left-and right-handed circular polarizations
propagating together. The different polarizations act differently on the sample; we
measure hole cyclotron resonance so the cyclotron resonance active (CRA) mode is
the left circular polarization (”-” sign), while the right circular polarization (”+” sign)
is the cyclotron resonance inactive (CRI) mode. The CRA is absorbed by the carriers
and reflects from the borders of two media, obtaining a phase shift. The CRI is not
absorbed. It is only affected by the reflections and by the phase shift. As CRA and
CRI propagate together, we have to take into account their interference, including
the phase shift induced by traveling through the sample. This approach is known in











We are not able to measure the incident light intensity right before the sample so
the formula above does not describe our absolute measured transmission. We can
however define a relative transmission intensity such that we normalize the mea-
sured curve with a reference magnetic field value ix. The curves that we want to
ixIn the case of pump-probe signal, we normalize with a reference time value, discussed in Section 5.3.1.
35
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One should be careful with such a comparison however. Even if we normalize the
curves, these are the transmission values which are determined by the absorption and
the reflection. Comparing Tm and Tc assumes that the reflection does not change during
the magnetic field sweep or the delay time. In the present setup we cannot measure the
reflection, and therefore, for now we neglect this issue and perform the fit. Later on, we
will calculate the reflection R (Eq. 3.29) from the fit and validate this assumption.
Considering Eq. 3.31, we define the function that we want to minimize during the fit:
∑
B or t






In principle f (B, t) contains 19 fitting parameters: the set of [Nmls,N2 j ,N3 j ] gives 9
parameters, the set of [τmls,τ j] gives 5 parameters, and [mmls,m j] also gives 5 parameters.
Fitting with so many parameters is a very difficult task, especially if we do not know the
initial parameters.41 However, looking at Eq. 3.17. one can see that the numerators of
the fractions depend on the difference between two independent numbers N2 j and N3 j ,
which are not occurring elsewhere in this equation. Fitting [N2 j ,N3 j ] simultaneously
would result in an overparameterized fitting . We, therefore, substitute N2 j −N3 j with a
single parameter ∆N j. The other difficulty in this procedure is that we only see 3 peaks,
but Eq. 3.17. has 5 distinct fractions, each of them corresponding to one dip. The 3
HH dips are merged into one big dip as can be seen in Fig. 3.5-3.7. According to our
model, this peak is described by 9 parameters. Physically this is correct but for the
mathematical task of fitting, 9 parameters are too many. In order to circumvent this
problem, we first performed the fit with 15 parameters then fixed the parameters of mls
and HH ε−1 and performed the fit again. We did that because the HH ε
−
2 peak is always
the closest to the lowest value of the peak of HHs where we actually performed the
pump-probe experiments; see Chapter 5. Therefore the parameters (mass, scattering
time, ∆N) of HHε−2 are more important to know with the correct confidence interval
than the parameters of the other HH peaks. Since we do not know the initial parameters
of the fitting, we need to determine them. In case of many parameters this is not a trivial
task. However, setting up boundary conditions based on physical considerations helps
the fitting routine to find the right values. Below we discuss this operation.
xt is the delay time and used for the pump-probe experiments discussed in Chapter 5.
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3.2 Power-dependent cyclotron resonance measurements on gallium-doped germanium
Setting up the boundary conditions
In the valence band we have NA−N1 holes where NA is the total dopant concentration
and N1 is the amount of acceptor bound carriers. The THz pulse must ionize the
acceptors in order to populate the band. The ionization can take place in many different
ways (impact ionization, multiphoton ionization, tunneling) but the model and the
fit above assume that the carriers are already in the band and they have an effective
concentration regardless their creation. We note that previous studies reported two
distinct processes of light-induced ionization in gallium doped germanium: multiphoton
ionization42 and direct field-assisted tunneling.43 Unfortunately, there have been no
studies to date on which process will be dominant especially in magnetic field at
the low gallium concentrations we have here. After the first THz pulses, NA−N1
is distributed among the four two-level systems as:






(NA−N1) = d j (NA−N1) . (3.33)
The 32 power here comes from the 3D density of states (DOS).
xi Unfortunately, we
cannot give a similar restriction on Nmls because that band has equidistant LLs which
would be filled only after sufficient carriers have arrived at the N3 of HH ε−1 . This
does not result in a well-defined number of transitions. Because of Eq. 3.33 this
boundary should be respected:
0≤ ∆N j = N2 j −N3 j ≤ d j (NA−N1) . (3.34)
We also want to consider the case of complete ionization which is N1 = 0, so in this
boundary condition we set N1 to zero. The 0 at the left-hand side of Eq. 3.34 means
the total saturation (N2 j = N3 j ) and d j (NA−N1) refers to the situation in which there
is no excitation, N3 j = 0. The fitting of ∆N j does not contain N1 explicitly, but it is
included in the boundary condition and will be possible to estimate it later. We will
return to this point when we discuss the pump-probe curves in Chapter 5.
We note that we tried to use only four masses (as four two-level systems) for fitting the
resonance curves, but all these attempts failed. We needed to include the mls transition
xiHere, we assume that after the ionization of the impurities the carriers distribute in the valence band as
a free gas that has a quadratic energy-momentum dispersion. They will occupy the sub-bands according to
the principle of minimum energy over the reciprocal space. Since the heavier bands are lower in energy at
a given position in k-space, more carriers will occupy those sub-bands. The 3D DOS expresses how much
more this occupation is. The 3D DOS in case of quadratic dispersion has effective mass
3
2 dependency.
That is why the model distributes the particles according to the 32 power.
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
in order to perform a good fit. Since in our measurement range we cannot resolve all the
HH transitions shown in Ref.25 and we do not know whether in this case what transitions
are possible, we need to assume how the two-level systems, and the mls system distribute
within that large resonance peak. The masses regardless the nature of the transition (two
level or many level) have a certain order that we have to provide for the fitting routine.
0 < mε+2 < mε+1 < mmls < mε−1 < mε−2 (3.35)
We chose the order of Eq. 3.35 because the measured centre position of the HH peak
(ε−2 ) was near to the value that was obtained during the first quantum effect observations
by Fletcher,20 and larger effective masses were not reported at 4.2 K in (100) direction.
Strictly speaking, it is not possible to fully characterize the HH transitions in a single
broad resonance because mathematically they can exchange their parameter values: for
instance, the width is determined by the τ values but one can find a solution when at
mls, it is very short and the others are longer or vice versa. Similarly, the population
values also can ”trade” their values in this broad absorption. These difficulties will be
addressed in the calculation of the error bars of the parameters of the HH transitions in
Section 3.2.3.
We implemented the fitting routine in MATLAB using the fminsearchcon44 func-
tion to minimize f (B, t). We used the jacobianest45 function to estimate the Ja-
cobian matrix of the fit function in order to determine the standard errors of the
fitted parameters. The error calculation follows the general procedure which is
well-discussed in the literature.46–48
3.2.3 The fitted populations, scattering times and effective masses
So in summary, we first performed an overparametrized fitting with 15 paramaters.
Then we determined N1 and all the N2 j s, Noting that the determination of the ab-
solute N1, N2 j and N3 j within a proper confidence interval is not possible. From
the N1 and N2 j values we determined the ∆N js and used them as initial parameters
for the reduced (not overparameterized) fitting with 9 parameters (the three ∆N, τ ,
m for the two LH peaks and for HHε−2 ). The result of the fittings are shown by
the solid red curves in Fig. 3.5-3.7. In general, the quality of the fits is reasonably
good, describing all main features of the experiment.
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Figure 3.11: Top row: The fitted ∆N values at the different frequencies and peak intensities of
the micropulses. Bottom row: The fitted τ values at the different frequencies and peak intensities
of the micropulses.
Fig. 3.11. shows how the population differences ∆N and the scattering times τ of the
various transitions vary as a function of intensity, and frequency. There are clear trends
at 14.5 cm−1 ( Fig. 3.11 (a) and (d)). From low to medium intensity (102−104 W/cm2)
the population difference grows. For the LHε+1 and HHε
−
2 this difference remains
constant above 104 W/cm2 but for the LHε+2 it decreases at the highest intensities used.
A growth in ∆N can be explained by a stronger ionization, which promotes more and
more carriers into the valence band. The decrease in ∆N for LHε+2 after ≈ 104 W/cm2
indicates that these transitions go to near complete saturation. The τ values show a
tendency to decrease with increasing power. It is possible that with increasing intensity
the valence band has more carriers so they collide more frequently, which then causes
shorter time between the hole-hole collisions, resulting in shorter τ . Considering the
other two frequencies in Fig. 3.11 (b) (c) and (e) (f), the τ and ∆N values are quite
consistent with the values at 14.5 cm−1, which also supports the reliability of the
model. Furthermore, the plots of ∆N show a similar trend to the absorption coefficients
shown in Fig. 3.8 (increasing power results in higher absorption and higher ∆N up
to a saturation intensity). This agreement also confirms the consistency of the model.
As described in Section 3.1.2 the positions of the resonance peaks are determined
by the effective masses. For a parabolic sub-band, the peaks should move linearly
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
towards higher field with increasing frequency, following the cyclotron condition
ωc =
qB
m∗ . We have failed to fit the experimental curves with a constant effective
mass for each sub-band, irrespective of the field strength and intensity. This is in
line with the expected situation of the complicated valence band structure of Ge:Ga
(Section 3.1.2). We, therefore, have used the effective mass values as fitting parameters,
the results of which are shown in Fig. 3.12. The results lead to a consistent picture
of the values for the effective masses for the LHε+2 , LHε
+
1 , and HHε
−
2 , albeit that
even the values measured with approximately the same power and/or intensity do not
have the same value. and masses measured with the same frequency differ in the
range of the intensity. Most probably the reason behind the changing masses is the
non-parabolicity of the sub-bands as referred to in Section 3.1.2.
Figure 3.12: The effective masses of the different valence sub-bands, expressed in units of the
free electron mass as a function of the peak intensities of the micropulses. The colors indicate
the different frequencies and the grey boxes highlight the group of points which belong to the
same hole sub-band.
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3.2 Power-dependent cyclotron resonance measurements on gallium-doped germanium
Table 3.1: Based on Fig. 3.12 we show the average effective masses of the sub-band transitions.
For comparison, we show the effective masses obtained by the work of Dexter19 and Fletcher20
and by the review work of Suzuki and Miura.24 The magnetic field is along the (100) axis of the
crystal.
Sub-band transition Effective mass (unit of me)
HH ε−2 2->3 0.287±0.006
LH ε+1 0->1 0.094±0.003














Ref.25 HH ε−1 0.214±0.002
Ref.25 HH ε−2 0.241±0.001
Ref.25mls 0.304±0.005
For further analysis we determinedxii the average effective masses for the different
transitions, summarized in Table 3.1. The right column of Table 3.1. shows how much
the mass varies within the same band over the wide range of intensity and frequency. The
overall mass deviation can be quite large. Even within our technique, over the intensities







at the given sub-band (from Fig. 3.12), is quite significant;




2 , respectively. We believe that this effect
xii We performed the fits above such that the parameterization of the mls and HHε−11 excitations was
fixed at the individual fitting routines. These parameters, however, were not constant over the range of
intensities and frequencies because they are coming from another fit where we used an over-parameterized
model. This approach of double-fitting can be interpreted as background fitting first, then on a fixed
background we obtain the well-defined parameters. For the sake of completeness, we assign average values
for these sub-bands based on the 15 different over-parameterized fits. The τ values with their corresponding
95% confidence intervals are: τmls = 0.08±0.43 ps, τε−11 = 1.20±3.72 ps. The corresponding masses
are shown in the Table 3.1. The larger errors are due to the over-parameterized model.
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
is rooted in the complicated band structure, which varies in magnetic field and has a
non-linear response to the high intensity light. Finding the precise theoretical agreement
with our measured data goes beyond the scope of this study. However, our result shows
a very good agreement with other works even if those data were obtained from different
experimental conditions (e.g. light intensity, frequency, temperature, doping).
3.2.4 Validity of the fit





















Figure 3.13: The calculated reflections obtained using comparable intensities between 6 ·104 -
105 W/cm2 at 14.5, 23, and 31.5 cm−1 (black, red, green curves)
In the entire discussion above, we have assumed that the change of reflection is neg-
ligible during the magnetic field sweep (see discussion in Section 3.2.2). Having
obtained very good fits, we now have parameters that we can place in Eq. 3.25 and thus
calculate the absolute reflection. The results are as shown in Fig. 3.13, for the three
frequencies used and taken with comparable laser intensities. For every fitted curve we
calculated the reflection and found very similar behavior: The variation between the






is equal to 2% (14.5 cm−1),
1% (23 cm−1), 1% (31.5 cm−1). The variations are small compared to the large changes
in the transmission curves for which the signal reduction is at least 10% at resonance
(see Fig. 3.5-3.7). This result confirms that the normalization used was correct and
the transmission signal is dominated by absorption and not by reflection.
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3.3 Conclusions
3.3 Conclusions
We performed cyclotron resonance experiments on gallium-doped germanium up to
20 T using high intensity (up to 6.1 ·105 Wcm2 ) THz radiation provided by the free electron
laser FLARE. We resolved two light hole excitations and a merged dip associated with
3 different heavy hole sub-bands. We modeled the experimental results based on
Fresnel equations combined with the Drude model, and found good agreement with
the data. Based on the fits of the cyclotron resonance curves we obtained the scattering
times, the effective masses and the population differences for the LHε+2 , LHε
+
1 and
HHε−2 sub-bands. We approximated the scattering times and effective masses at the
HHε−2 and mls excitations based on the over-parameterized model. At 14.5 cm
−1
(the radiation with the highest intensity), the results show that the system is near the
saturation regime in the high power limit. We find that the derived effective masses
and scattering times have similar values as those in the literature.24, 28, 49, 50 Our results
confirm the non-trivial valence band structure of germanium with effective masses that
strongly depend on magnetic field and THz intensity. Finally, the obtained scattering
times, effective masses and population differences serve as crucial parameters for
modeling the pump-probe measurements in Chapter 5.
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3 FEL-based cyclotron resonance spectroscopy on Ga-doped germanium
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CHAPTER 4
A THz pump-probe setup for experiments in high magnetic
elds
Abstract
We present a THz single-color pump-probe setup using the combination of
a free electron laser and a high-field Bitter magnet. The set-up is built up
using oversized waveguides and a dedicated double prism sample holder
that permits to separate the pump and the probe beams in the cryogenic
environment of a small-bore high field magnet. We present the test results
characterizing the performance of the pump-probe insert, which enables the
study of the fast carrier dynamics in p-doped Germanium using cyclotron
resonance.
4.1 Introduction
Performing nonlinear THz spectroscopy in high magnetic fields (> 10 T) has proved to
be extremely challenging, escpecially in the range of the so-called THz gap1 between 0.3
– 30 THz, due to the limited availability of high-power THz sources and fast, sensitive
detectors that operate in this range. Focusing and collimating the long wavelength
light into the small bore of high field magnets causes further difficulties. However, the
scientific interest in this area is very strong, as transitions between Landau levels (LLs)
in semiconductors,2–6 high Tc superconductor gaps,7 and magnetic excitations8, 9 fall
in this energy range. In addition for many materials with a Landé g-factor of 2, the
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4 A THz pump-probe setup for experiments in high magnetic fields
electron spin resonance (ESR) at fields above 10 T falls in the THz range, opening up
many possibilities in structural biology, chemistry and physics.10–12 FTIR spectroscopy
and linear spectroscopy with low power monochromatic CW sources are currently
routine experiments13, 14 even at high magnetic field laboratories,15–17 but ultrafast18
and/or nonlinear THz spectroscopy in high magnetic fields are much less common.
Up to now, only a few laboratories have attempted to access this field of research: at
UCSB the 240 GHz pulsed EPR powered by a FEL at magnetic fields up to 12.5 T
(nonlinear),19 RAMBO at Rice University which is able to perform THz time-domain
spectroscopy between 0.2 – 3 THz in a 30 T pulsed magnetic field (ultrafast),20, 21 and
at NHFML Los Alamos where they have coupled THz antennae in a 17 T magnet to
measure the complex conductivity between 0.2 – 1.5 THz (ultrafast).22
The completion of the 90 meter long evacuated, quasi-optical THz transport line at
HFML-FELIX connecting the FELs to a 33 T Florida-Bitter magnet, opened new op-
portunities for THz-spectroscopy in high magnetic fields.23 Transmission experiments
at fixed frequency from the FEL between 0.3–12 THz and magnetic field sweeps up
to 33 T are already possible.25 To exploit the full potential of the combination of
FELs and high field magnets, it is highly desirable to enter the field of time-resolved
spectroscopy. One of the most common techniques where high intensity light plays
an important role is pump-probe spectroscopy.26 Here, we focus on THz pump - THz
probe setups in semiconductor research. Using the same frequency for pumping and
probing is very useful because the probe detects the excitations in the same region
as the pump of interest. In contrast, optical-pump THz-probe the pump- and probe
beams generate different transitions, which can make the evaluation of results more
complicated.27, 28 Since the development of the tilted pulse front technique, which is
able to generate up to 1 MV/cm THz electric fields, nonlinear behavior, such as hot
carrier dynamics in semiconductors and light induced phase transitions in the range of
0.2-1.5 THz became discernible in pump-probe experiments.29–31 Unfortunately, this
technique does not have access to high magnetic fields due to space limitations. FEL
laboratories successfully measured shallow donor and acceptor states and intraband
transitions in semiconductors using single color THz pump-probe spectroscopy.32–36
Here the pump is a narrow-band monochromatic pulse, which resonantly excites the
transition measured by the probe at the same frequency, giving direct information on
the relaxation times. Because of the size of these setups, experiments in high magnetic
fields are very challenging.37 This is especially true towards the long wavelengths
(>100 µm), where diffraction and scattering become more severe, and where the usual
optical approach of alignment and measurement does not work very well. The life-
times of impurity states in high magnetic fields and Landau level lifetimes of carriers
are, therefore, still largely unknown. These lifetimes play an important role for the
development of novel quantum computer architectures and THz lasers using specific
semiconductors.38–40 To this end, we introduce a single-color THz pump-probe setup
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4.2 Design of the instrument
for high magnetic fields, which is able to reveal this kind of information. We present
the most important parts of the setup and show the performance of the individual
components. The first measured lifetimes will be described in Chapter 5.
4.2 Design of the instrument
The overall design of the setup is shown in Fig. 4.1; the free electron laser FLARE is
coupled into a quasi-optical transport system, which is evacuated in order to avoid the
absorption of light by the air (this part is included in the box labeled FLARE). At the
end of the beamline, the light propagates through free space, and after focusing, the
light enters via a polypropylene window (that has negligible absorption and reflection
from the surface) the brass, oversized, cylindrical waveguide (Ms63 from Metaalketen
Zuid BV) with 13 mm diameter shown in dark yellow in Fig. 4.1. After the window,
the brass waveguide system is flushed with nitrogen. The beam splitter (a 40 µm thick
polypropylene film) splits the light into pump (red line) and probe (blue line) beams
with an intensity ratio of 10:1 in the range of 13 - 32 cm−1. The probe channel can
be additionally attenuated using an attenuator box, which consists of a set of wedged
silicon wafers (Tydex). With these wafers it is possible to attenuate 5.2, 10 and 20 dB.
This results in an adjustable pump:probe ratio. The pump light goes into the delay
line (built by cylindrical brass waveguides, which has a trombone-like telescopic slide
mechanism), the length of which is computer controlled by a stepper motor (Maxon).
Here, we chose to adjust the pump delay, rather than the probe to prevent possible
fluctuations of the probe signal during the movement of the waveguide. The pump and
probe light enter the insert through a high density polyethylene (HDPE from Tydex)
windowi where they also propagate on separate paths. The insert is surrounded by a
vacuum can (not shown in the picture). The jacket is mounted into the liquid He cryostat.
Inside the jacket there is low pressure He gas to provide heat exchange between the
helium bath and the sample. The sample holder is located in the center of the magnetic
field. It consists of two prisms with the sample in between in order to separate pump and
probe. The pulses arrive at the prism, which then guides them onto the sample. After
the sample another prism guides the pulses back to a waveguide where the pump pulse
is damped with a tapered waveguide filled with Tessellating TeraHertz RAMsii (Thomas
Keating Ltd.) to reduce the back reflection to the sample. The probe beam propagates in
the nickel silver waveguide down to the bottom of the cryostat. There, it passes through
the cold and warm diamond windows and enters a 2 m long evacuated brass waveguide.
iHDPE was easier to manufacture such that it provides good insulation between ambient and the low
cryogenic pressure.
iiRadar absorbing material developed especially for the Terahertz and mm regions using injection
moulded square formed in conducting plastic. It has very sharp pyramidal surface, which gives very low
reflection.
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Figure 4.1: The design of the pump-probe setup. The components are described in the text. The
photograph shows an overview of the set-up in practice.
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4.3 Results and discussion
Finally, the probe beam arrives at the InSb detector (hot electron bolometer from QMC
Instruments Ltd). This detector is fast enough to resolve the 10 µs long macropulse
structure of the FEL, but is too slow to detect the individual micropulses. The rise
time of the detector is ≈ 300 ns, whereas the full width half maximum (FWHM) of
the micropulse is ≈ 20 - 40 ps. Using the 60 MHz mode of FLARE one pulse arrives
every 16.7 ns. Therefore, we measure the integrated response of ≈600 micropulses
in every macropulse. Using an NI PXIe-5170R 14-Bit Oscilloscope, we record every
time-integrated macropulse with a 5 Hz repetition rate, over an adjustable time-window.
The amplitude stability of the macropulse can vary within the 10 µs range. Often the
beginning of the pulse is noisier than the rest of it. Hence, the integration window
normally does not include the first part of the pulse in that case. The signal is measured
as a function of the magnetic field and the position of the variable delay.
4.3 Results and discussion
In order to understand how the setup performs, we tested the crucial components.
4.3.1 Waveguide transmission
Choice of material
During the designing phase we decided to use oversized waveguides in order to be
as frequency independent as possible and still obtain the highest transmission of each
component in the setup. Previously, the laboratory had good experience with brass,
stainless steel and nickel silver tubes as THz components, so we systematically tested
their transmission using different frequencies, diameters and lengths. The general trend
was that the higher diameter tubes gave larger transmissions (per unit length). Among
the same diameter tubes, the brass always showed the highest transmission value. Nev-
ertheless, we cannot use brass at cryogenic temperatures because of the effect of thermal
contraction. This may alter the length of the insert and damage the probe itself. For prac-
tical reasons (easy manufacturing and assembling) we chose a 13 mm diameter brass
waveguides to use at the room temperature part of the setup. Considering the thermal
properties both the stainless steel and the nickel silver tubes are suitable for cryogenic
applications. We, however, found that the THz transmission of nickel silver tubes is
higher than the stainless steel tubes at a given diameter. Therefore we decided to use the
nickel silver material at the cold part (≈ 4 K) of the setup. The effective bore diameter,
where we could fit the insert with separated pump and probe paths, is 17 mm. Therefore
the largest feasible diameter of nickel silver tube was 8 mm with 0.5 mm thickness.
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4 A THz pump-probe setup for experiments in high magnetic fields
Test results
The tests were performed on an optical table at room temperature and ambient pressure.
The FEL light was focused into the waveguide and the intensity of the light was
measured at the focus and at the end of the tube using a pyroelectric array. The loss by
the waveguide was calculated from the ratio of the power at the end of the tube and the
focus. In the setup we used two different cylindrical waveguides: 13 mm diameter brass
tubes at room temperature and 7 mm inner diameter nickel silver tubes (CuNi12Zn20
from Salomon’s Metalen) at cryogenic temperatures. We found a 1.5 dB/m loss in the
brass tubes and a 3.8 dB/m loss in the nickel silver tubes at 0.64 THz, which is the
center frequency in our experiments. These values take into account the imperfection
of the in- and out- coupling, the loss from the air and the ohmic losses. As comparison,
the pure ohmic losses of the fundamental TE11 mode for this frequency are calculated
to be 0.3 dB/m and 1.8 dB/m according to the theory.41 Since at this frequency the air
absorption is negligible,42 the difference of the calculated and the measured loss implies
that the coupling (or alignment) is very crucial for the transmission of the tubes and for
the overall performance of the setup. As the insert is placed in the magnet, the freedom
of alignment is very limited. As consequence, the determination of the absolute power












Figure 4.2: (a) The scheme of the test setup. (b) The ratio of the parasitic and pump signals
(rp-ratio) as a function of the frequency. We tested two configurations: without sample (empty
symbols), and with a SiO2/Si wafer between the prisms (full symbols).
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4.3 Results and discussion
The sample holder design is based on obtaining a good separation between the intense
pump beam and the weaker probe beam. The sample is sandwiched between two
identical high resistivity float zone (HRFZ) silicon (Tydex) prisms (each is 16 mm
long, 10.1 mm tall, 8 mm wide, nSi = 3.416). Assuming that the light is parallel to the
waveguide and that it enters through the middle at the side of the prism, the top angle
of the prism is chosen to be 76.76◦, such that the refracted rays arrive to the center
of the prism (based on Snell’s law), as shown in Fig. 4.1, and that the bottom prism
guides the pump and the probe beams each to a different waveguide. The drawback of
this design of the prisms is the small total internal reflection angle. For nSi = 3.416
the critical angle is 17.02◦ and the incident angle at the sample is 38.4◦. Therefore
if the refractive index of the sample is smaller than nSi we get significant reflection.
This limits the choice for the samples. The refractive index of the sample should be
bigger than nSi · sin(38.4◦) ≈ 2.122 in order to avoid the total internal reflection. In
the case of germanium the refractive index is nGe = 4 so we do not have this problem.
Firstly, we discuss the performance of the sample holder.
The pump and probe channels are equally lossy, since there is no structural difference
between the two. The pump:probe ratio on the sample is only defined by the beamsplitter
and the attenuators, though there could be an intensity fluctuation on the pump channel
due to the mechanics of the delay line, which would influence the ratio.
On the sample, the pump and the probe channel cross each other. The quality of the
detected probe signal (also called pump-probe signal) is determined by the separation of
the pump and probe pulses. It is crucial to achieve very good separation; otherwise the
pump light scattered to the probe channel (marked as parasitic signal in Fig. 4.1) blinds
the detector. If this is the case, we cannot resolve the pump-probe signal. Therefore
it is important to test the pulse separation. The test setup is shown in Fig. 4.2 (a). We
coupled only the pump pulse to the test system, and measured the transmitted pump
signal at one output and at the other the parasitic signal. The overall length of the
test system was 120 cm. We used two configurations: one empty sample holder (with
the two prisms pressed together) and the prism holder containing a slab of p-doped
silicon-oxide/silicon (SiO2/Si). The sample was 300 µm thick and the light entered the
sample through the SiO2 layer, which was 200 nm thick. We used this sample to imitate
the condition of the non-ideal light propagation within the sample holder. The results
are shown in Fig. 4.2 (b), where we report rp as the ratio between the parasitic signal and
pump signal. Smaller rp values mean better separation. The values are the average over
several measurements at each frequency. Typically rp is always below 3 ·10−2 (3%),
which indicates that the pump-probe separation is quite good. The results do hardly
depend on whether a sample is mounted or not, meaning that the sample does not disturb
the propagation of the light. This demonstrates that the working principle of the sample
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4 A THz pump-probe setup for experiments in high magnetic fields
holder is correct. An important feature of the sample holder, and the entire pump-probe
setup in general, is the sensitivity to the coupling of the light from free space to the
waveguide. When we focus the light from free space to the waveguide, we have two
important parameters to adjust: the position of the focal point near the beginning of the
waveguide and the tilt of the waveguide system. The quality of the alignment is judged
only by the detector positioned after the last waveguide, which collects the light after
the second prism.iiiConsequently, we cannot adjust easily the coupling of the light so the
large error bars indicated in Fig. 4.2 occur due to the limited condition of the alignment.
4.3.3 Coherence test
In order to check whether the coherence of the pulses remains after the prism system,
we have measured the interference pattern of the pump and the probe beams after
the sample holder as a function of the time-delay t, for a frequency of 0.64 THz.
For this test, the pump beam was partially cut by an iris diaphragm in order to
get a similar intensity as the probe.
This signal is shown in Fig. 4.3 (black curve) and corresponds to the autocorrelation
of the electric field of the micropulse. The blue curve corresponds to a fit using







· sin(2π f t +φ)+C, (4.1)
where A, φ , and C are respectively the amplitude of the time-dependent part of the signal,
the phase shift and the background contribution. We find a reasonable description of
the interference signal using an oscillation frequency of f = 0.6397±0.0002 THz and
a full width half maximum FWHMauto = 118±6 ps. The corresponding width of the
Fourier transform (FT) of the signal, shown in the inset of Fig. 4.3, is FWHMFTauto =
7.4 GHz. The inset also shows the power spectrum I(ω) as measured by a single pass
spectrometeriv. The center frequency of I(ω) is found to be identical to that of the
autocorrelation singal, whereas the linewidth FWHMI(ω) is found to be 13.1 GHz, i.e.
larger than the 7.4 GHz linewidth of the interferometer spectrum. The reason why the
two linewidths in the frequency domain are not identical is not precisely known. It
could be related to an instrumental uncertainty in the case of the spectrometer: the
FWHMI(ω) is measured at the diagnostic station and depends on several parameters
e.g. slit size, intensity of the near infrared laser and the FEL overall alignment, but
iiiMaximizing the detector signal during the alignment assumes that the intensity on the sample is
proportional to the signal on the detector. This assumption means that the light cannot go around the prism
system and then arrive at the detector. We note that we do not know the spatial intensity distribution on the
sample because it is not measurable due to the total internal reflection within the prism.
ivThe THz spectrum is routinely measured by non-linear mixing of the beam of a near-infrared laser
and the THz FEL beam inside a non-linear ZnTe crystal.23, 24 The resolution is about 1.5 GHz.23
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4.3 Results and discussion
Single
Figure 4.3: Interferogram measured through the sample holder and a SiO2/Si sample, on the
optical table at room temperature in air (black curve). The transparent blue curve is the fit
assuming that the interferogram is the product of a Gaussian and a sinus function as explained
in the text, resulting in a FWHMauto of 118 ps. The inset shows the Fourier transform of the
interferogram and the spectrum obtained from the single pass spectrometer. The full width half
maximum of the peaks is indicated by respectively FWHMFTauto and FWHMI(ω) in the frequency
domain.
the expected resolution is about 1.5 GHz,23 so better than the observed width. The
power spectrum I(ω) ∝ E(ω)2 with E(ω) is the amplitude of the electric field in
the frequency domain given by the Fourier transform of the amplitude E(t) in the
time domain, corresponding to an intensity profile







Assuming that the pulses are Fourier transform-limited, we can use the relationships




= 34 ps, (4.3)
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= 59 ps. (4.4)
with FWHMauto = 118 ps. So there is a
59 ps
34 ps = 1.7 times broader pulse measured at
the sample position, relative to the diagnostic station. Assuming that the spectrometer
has sufficient spectra resolution this would point to a pulse broadening in the pump-
probe set-up, possibly caused by beam propagation effects in this double prism set-
up. During the experiments performed on germanium (coming part of this chapter
and Chapter 5), unfortunately there was no possibility to measure the interferograms.
Most importantly, the fact that we observe the interference between the pump and
probe beams demonstrates that the light conserves the coherence even after travelling
through the 120 cm long test insert. This means that the phase of the pump and probe
micropulses is not randomly modulated due to the multiple reflections from the wall
of the waveguide and within the prisms and sample.
4.3.4 Performance of the delay line
A trombone type delay line is most frequently used at microwave frequencies.45 Its
design is simple and very easy to use. However, at higher frequencies, this type of design
has limitations: oscillations in the loss of intensity can occur. Unfortunately, in our
setup we cannot characterize these effects because we cannot measure the pump beam
transmission through the sample (because we damp it, see Fig. 4.1). However, rotating
the insert 180◦ along the vertical axis gives, in principle, access to study the transmitted
pump light (see Section 4.4). In a real pump-probe experiment, however, this rotation
of the insert is not possible. In practice, the pump signal scatters to the probe channel
(parasitic signal) and acts as a background on the probe signal. From Fig. 4.2 we know
that we have a small amount of parasitic signal, but we do not yet know how the parasitic
signal depends on the time delay. In order to find this out we tested the performance on
a real system. This system in question was p-doped germanium that has quite a large
(10-30%) change of transmission around the cyclotron resonance as shown in Chapter
3. The explanatory picture of the measurement of the parasitic signal is shown in
Fig. 4.4. We have to take into account that at every frequency the parasitic signal might
be different due to a different propagation through the waveguide. Therefore, we always
measure the integrated parasitic signal separately at every magnetic field where the
measurement was performed, and then we subtract it from the total integrated signal in
order to get the pump-probe response. Fig. 4.5 shows a typical result of this procedure.
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4.3 Results and discussion
Figure 4.4: The first two lines show what arrives on the sample: the pump (red) and the probe
micropulses (blue) at delays (τ1). The parasitic signal (red dots) is observed after the sample
and originates from the pump micropulse. The light on the detector is the sum of the parasitic
signal and the corresponding probe pulse; at time τ1 it is the blue curve. The total detector
output shows the resolution of the detection; we only observe the one macropulse long sequence
of the micropulses. The drawing at the bottom of the image shows that we obtain the pump-probe
signal by subtracting the separately measured parasitic signal from the total detector output.
Fig. 4.5 (a) and (b) display the probe+parasitic and the parasitic signal respectively, in
the case of an experiment on a p-Ge sample using 32 cm−1 light at 3.26 T (for details
see Chapter 5). Over the entire range the parasitic signal varies between 0.08-0.11,
representing a change of 27% relative to the highest value. Most probably this also
indicates how the intensity of the pump pulse fluctuates on the sample. We assume
that at high enough intensities (near saturation) such fluctuations do not influence the
system, which is the underlying reason to build the variable delay in the pump channel,
not in the probe. The typical magnitude of the parasitic signal (0.09) is about 5 times
smaller than the total signal in the probe channel (probe +parasitic) shown in Fig. 4.5
(a). We conclude that the parasitic signal is small enough to work with a pump:probe
ratio of 30:1 and still have a good probe signal. Importantly, the signals do not depend
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Figure 4.5: The transmission signals for a p-Ge sample at 3.26 T using 32 cm−1 light. We show
the results from both forward (red) and backward (black) scanning. (a) The probe+parasitic
signals. (b) The parasitic signals. The pump:probe ratio is 30:1. Inset: the difference curve
= (probe+parasitic) - parasitic. This curve is the real probe signal, showing a decaying
transmission, which corresponds to the Landau level relaxation of holes in Ge explained in
Chapter 5.
on the scan direction. This means that there is no structural error in the system and
the curves are reproducible. This allows to subtract the parasitic signal from the total
signal to leave the bare signal as a function of time delay. Although the parasitic
signal depends on the position of the delay line, it does not depend on the magnetic
field strength (Fig. 4.6). The parasitic signals measured at 1.5 T, 3.26 T and 9.68 T
are basically the same. The result at 0 T is taken at slightly different conditions and
essentially the parasitic curve at 0 T is the same as the ones at finite fields. Similarly
to Fig. 4.5, subtracting the parasitic signal from the total signal also results in the bare
probe signals (Fig. 4.6 (c)). At 0 T we find a straight line within the noise level, which
is due to the fact that at 0 T we do not hit a cyclotron resonance. Instead at 1.5 T, 3.26 T
and 9.68 T the 32 cm−1 light is resonant with LHε+2 , LHε
+
1 , and HHε
−
2 transitions
(see Chapter 3 and 5) resulting in the pump-probe response curves in Fig 4.6 (a). A
complete description of the experiments on p-Ge is given in the next chapter.
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4.4 Intensity calibration
Figure 4.6: The transmission signal of a p-Ge sample at 4.8 K using 32 cm−1 light and different
magnetic fields. The light hole excitations are marked as LHε+1 (blue) and LHε
+
2 (orange), the
heavy hole excitation is marked as HHε−2 (red), and the off-resonance curve was obtained at 0 T
(grey). We show only single scan measurements. For the on-resonance curves the pump:probe
ratio was 30:1. At 0 T we used a different integration window to eliminate the amplitude
noise of FLARE and the pump:probe ratio was 10:1, leading to different grey curves. (a) The
probe+parasitic signals. (b) The parasitic signals. (c) The difference signals: (Probe+Parasitic
signal)-(Parasitic signal) i.e. the bare probe signals.
4.4 Intensity calibration
Measuring the incident intensity of the light right before the sample in the pump-probe
insert is not possible due to the design of the prism sample holder (see Fig. 4.1). Total
internal reflection occurs when the light encounters the prism-air boundary. Therefore
we cannot measure directly the THz power right after the prism and consequently we
do not know how much power arrives on the sample. We need a technique-independent
method to determine the intensity before the sample. Therefore, we rotated the insert
such, that we were able to measure the direct pump transmission through the sample
and obtain the cyclotron resonance spectrums. Similarly to the procedure demonstrated
in Chapter 3, we also determine the absorption coefficient α . This quantity yields a
61
“ThesisBence” — 2021/5/3 — 10:32 — page 62 — #70
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
4 A THz pump-probe setup for experiments in high magnetic fields































































Figure 4.7: (a) The cyclotron resonances measured by the pump-probe insert and their fitted
curves. At every frequency the delay line was set to the position where the intensity was the
maximum. (b) The calculated reflections based on the fit.
technique-independent value so that we can now compare the pump-probe and the
regular insert (used in Chapter 2 and 3). Comparing the data of the standard and the
pump-probe inserts, we can estimate the power in the pump-probe insert, essentially
using the sample as a power meter as we will explain below. Fig. 4.7 shows the
measured cyclotron resonance curves as measured with the pump-probe insert for
three different laser frequencies, and the calculated reflection curves. These curves are
comparable to the ones in Fig. 3.5 - 3.7, albeit that in the pump-probe insert the light
has a non-zero angle of incidence and propagates through the double-prism sample
holder, resulting in multiple reflections at the different interfaces. We have included
these effects in the model of Section 3.2.2, resulting in reasonably good fits of the
experimental curves (solid lines in Fig. 4.7 (a)), despite the fact that these curves exhibit
a slightly worse signal to noise ratio (in particular the one for 31.5 cm−1, where the fit
of LH ε+1 peak was not possible) than their counterparts in Chapter 3. Our model is
therefore capable of describing the beam propagation and transmission signals in both
the regular and pump-probe inserts, which allows to compare the power levels, as we
will see below. Despite the fact that the reflection peak seen at 13.5 cm−1 appears large,







The other frequencies show even more negligible changes in reflection, and so overall,
we deem the assumption of constant reflection to hold, and for the model in Chapter 3
to remain valid. The overall reflection is more than ten times smaller in the pump-probe
insert than in the regular transmission insert because the reflection is stronger on the
vacuum-germanium boundary than on the silicon-germanium one. In the pump-probe
62
“ThesisBence” — 2021/5/3 — 10:32 — page 63 — #71
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
4.4 Intensity calibration








































Power (mW) at DIAG.
HH
(c)
Figure 4.8: The peak absorption coefficients collected from Fig. 3.5, Fig. 3.6, Fig. 3.7, and
Fig. 4.7 (a). The filled squares refers to the regular transmission stick values and the empty stars
are from the pump-probe insert. The arrows show the estimated position of α of the pump on
the peak map given by the regular transmission insert. The average THz power was measured
at the diagnostic station. The lines are simply straight line connections between the points,
and roughly reflect the magnetic field dependence of α . (a), (b) and (c) represent the LHε2+,
LHε1+ and HH transitions that we do not assign with a specific band as this is a mixture of
three different ones.
insert there is also reflection between the vacuum and the silicon surfacev but this should
not depend on the magnetic field. Overall, different media, incident angles and a smaller
diameter waveguide will give less intensity near the sample. We will quantify this loss
now. The attenuation coefficients of a given peak are plotted in Fig. 4.8 for different
intensities and frequencies obtained by both techniques. The data from the regular insert
are from Fig. 3.5-3.7 and are also shown in Fig 3.8. In Fig. 4.8 the α values for the
regular insert at different frequencies and for the different peaks are shown. Comparing
the data for the pump-probe insert (open stars) we estimate the value of the pump and
evaluate the loss, which is to be factored in for use with calculations for the pump-probe
insert. The beginning of the arrows are measured by the pump-probe insert. Thus, the
vMore precisely, the reflection happens on the vacuum-polypropylene-silicon boundaries. A thin
polypropylene foil is used to cover the side of the prism in order to protect it from mechanical stress.
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ratio between the incident power and that at the end position of the arrow gives the
relative loss of the pump-probe insert compared to the regular transmission insert. At a
different frequency, the peaks respond somewhat differently to the power so we take
the average values of those ratios, which amount to 12.6, 13.1, and 5.7 dB at 14.5, 22.9,
and 31.5 cm−1, respectively. These relative losses are important for the calculation of
the absolute power of the pulse near the sample between the prisms, because it is much
easier to measure the absolute power through the regular transmission insert down to the
sample position than through the pump-probe insert. From our previous measurements,
we know the loss through the regular transmission insert with the window on the
top, down to the position of the sample under ambient condition. The total length of
the insert is 174 cm with a diameter of 11.3 mm. The material is nickel silver. The
losses are 2.2, 2.8, and 3.4 dB at 13, 23, and 33 cm−1, respectively. We assume that
within 2 cm−1 there is no drastic change in loss, so we use these values for the power
estimation in the pump-probe case. The total loss from the diagnostic station to the
output above the magnet is about 2.2 dB at the frequencies of interest.23 Fig. 4.8 also
shows the maximum of the attenuation coefficients against power at every frequency.
This means that all the excitations can be saturated using the regular insert. However,
the coefficients from the pump-probe insert are always below this maximum, meaning
that with the pump-probe insert it is not possible to saturate the Landau level transitions.
4.5 Conclusions
In this chapter we have described the main parts of the development of a THz pump-
probe setup for experiments in high magnetic fields. We characterized the performance
of the two-prism sample holder, and we demonstrated how to subtract the parasitic
signal from the total signal to obtain the probe signal as a function of the time de-
lay. We also determined the relative loss of the pump-probe insert compared to the
regular insert. In Chapter 5, we will present a detailed case study of a pump-probe
experiment performed on gallium doped germanium.
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CHAPTER 5
FEL-based THz pump-probe experiment on p-doped
germanium
Abstract
We report time-resolved experiments on p-doped germanium (Ge:Ga)
using the THz pump-probe setup described in Chapter 4. We measure
the transmission of light of the free-electron laser FLARE, with photon
energies in the range of 14.5 - 32 cm−1, intensities up to 100 kW/cm2 and
in applied magnetic fields up to 10 T. We observe transmission transients
whenever the light is resonant with Landau level transitions of the valence
holes and which are absent under out-of-resonance conditions. The signal
exhibits a decay on a nanosecond timescale, attributed to the hole Landau
level dynamics, and a recovery on a 20 ns timescale, which can be explained
by a slow recapture process of holes that are created by photo-ionization of
the Ga impurities. The basic observations are described in terms of a rate
equation model that takes into account ionization and subsequent cyclotron
resonance of valence holes during the same laser pulse. The model gives
agreement with the main features of the data, using a Landau level lifetime
of (1.08± 0.18) ns and an impurity recapture time of (19± 15) ns, but
fails to describe the full data set, in particular the behaviour around the
point of zero time-delay between the pump and probe pulses as a function
of THz laser power. We present a critical discussion of the shortcomings
of our model and give an outlook to future experiments.
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5 FEL-based THz pump-probe experiment on p-doped germanium
5.1 Introduction
The valence band of germanium has been the subject of intense applied and fundamen-
tal research for more than 60 years. At the same time, p-doped germanium is widely
applied in THz detectors,1 as substrates,2 and is a promising candidate for THz lasers.3
Despite the long history of research projects and the widespread technology based on
germanium, our knowledge of the ultrafast carrier dynamics within the valence band is
still incomplete. This information would be especially useful for the development of
broadband, sensitive and fast photodetectors.
The difficulty partially stems from the complex valence band dispersion, as a result
of the strong spin-orbit interaction and the crystal anisotropy. The characterization
of these effects using cyclotron resonance studies has a long history.4 However, the
process of obtaining a full understanding is still ongoing, as is extensively described in
Chapter 3. The main obstacle to investigating the dynamics of holes in Ge is given by
the lack of suitable experimental techniques, meaning that time-resolved experiments
on p-Ge are scarce, especially below the first excited levels of the shallow impurity atom
(< ≈50 cm−1). Without time resolution, it was shown that a fraction of the recombining
holes is captured into excited bound acceptor states in p-type copper doped germanium
by measuring photocurrent induced by blackbody radiation at 4.2 K.5 Inter-valence
band relaxations were measured by saturation for a range of frequencies (28 - 174 cm−1)
and temperatures (20 - 300 K).6, 7 Later on, these works were improved by faster tech-
niques, which enabled the time resolution; Deßmann et al. investigated the valence
band dynamics and intracenter recombination times of Ga-doped germanium within
a single colour THz pump-probe measurement using the free-electron laser FELBE.8
They studied the capture of free valence holes in the Ga-centers. They found that the
recapture time varies from 10.9 ns at relatively low FELBE flux to 1.2 ns at higher
flux density, following the expected intensity dependence.9 Ultrafast carrier dynamics
was observed above 200 cm−1 (where the presence of phonons and the split-off band
are influential) between 10 - 475 K.10–13 However, in an applied magnetic field, to our
knowledge, there is no study, which would investigate the dynamical properties of holes
in Ge, especially below the energy range of the impurity levels.
In this chapter, we use the newly developed FEL-based THz pump-probe set-up, de-
scribed in Chapter 4, to address the dynamical properties of free valence holes in
p-Ge, which are created via photo-ionization of the Ga impurities. The aim is to ex-
perimentally study the dynamical processes associated with the cyclotron resonance
transitions between the hole Landau levels (LLs) and the ionization and recapture of
the holes. Under cyclotron resonance conditions, we find a decreasing pump-probe
transmission signal on a nanosecond timescale and a rather slow (20 ns) recovery of
the signal. These basic features can be tentatively described in terms of a multi-band
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5.2 Experimental details and procedures
rate-equation model, using an estimated hole recapture time of (19± 15) ns and a
LL lifetime of (1.08± 0.18) ns. At the same time, the model is not able to fully
describe the laser power dependence of the data, especially during the overlap of
the pump and probe pulses. At the end of the chapter we will critically discuss the
performance of the set-up and the shortcomings of the model.
5.2 Experimental details and procedures
5.2.1 Sample and setup
For our studies, we used the high field FEL-based THz pump-probe system introduced
in Chapter 4, which is schematically shown in Fig. 4.1. The sample was gallium-
doped germanium with an impurity concentration of NA = (5.70±0.03) ·1014 cm−3,
as determined by Hall-resistivity measurements. The temperature of the experiment
was 4.8 K, measured by a calibrated thermometer located 2 cm from the sample. We
used the light from the free-electron laser FLARE at three different energies (14.5, 25.2
and 32 cm−1). We used the 60 MHz mode for the micropulse train and macropulses
of 10 µs duration with 5 Hz repetition rate. The intensity of the pump light was
determined by comparing the transmitted light at cyclotron resonance of the pump-
probe insert with that of the regular transmission insert, as described in Chapter 4,
Section 4.4. The maximum peak intensities of the micropulses at 14.5, 25.2 and
32 cm−1 were respectively 21, 13 and 105 kW/cm2.
5.2.2 Modes of operation and background subtraction
In the experiments, we employed two different modes of operation. In one type of
experiment, the pump-probe signal was recorded at a given time-delay between the
pump and probe beams as a function of the magnetic field strength. A typical result
is visible in Fig. 5.1(a)i. In the alternative mode, the light transmission was measured
at a fixed magnetic field strength as a function of the time-delay (Fig. 5.1(b)). In
both panels, the black curves represent the actual pump-probe transmission traces,
determined from the signal detected with both pump and probe beams incident on the
sample (red curves) minus the background curves (blue lines) measured with pump-
only illumination. In particular, the field-sweep curves (left panel) demonstrate the
importance of the background subtraction, previously discussed in Chapter 4, section
4.3.4. This background curve (blue line in Fig. 5.1 (a)) exhibits clear dips at the
cyclotron resonance fields for the LH ε+2 , LH ε
+
1 and HH transitions (using the notation
iDuring the magnetrun with laser frequency 32 cm−1 we could not sweep the magnetic field above
10 T due to technical problems related to the magnet installation.
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5 FEL-based THz pump-probe experiment on p-doped germanium
of Chapter 3). This result indicates that under pump-only conditions extra signal at
the detector is generated due to light reflection and scattering in the prism-sample
holder (parasitic signal), which should be subtracted from the total signal to obtain
the background-free pump-probe signal. The background traces for the time-sweeps
(Fig. 5.1(b)) demonstrate a small variation with time. These fluctuations vary from
experiment to experiment and in general, are quite small. To quantify these fluctuations,
we define the coefficient of variation as CV = SDM · 100%, given by the ratio of the
standard deviation SD and mean value M of the trace. For the blue curve in Fig. 5.1
(b) Mparasitic = 0.096 and SDparasitic = 0.005, resulting in CVparasitic = 5.2% at the HH
resonance. At 14.5 and 25.2 cm−1, we find CV values of 9.4 and 3.8 % respectively for
the HH resonance. Similar CV values are found for the light hole resonances, indicating
that the fluctuations are in the range of 3 to 10%, which will return in the upcoming
analysis. These curves correspond to single acquisitions of the traces to show the real
noise. In the rest of this chapter, we will show averaged data, obtained by repeating
the measurements six times, to reduce the effects of the noise caused mainly by the
FLARE amplitude noise and the noise of the detector and amplifier used.
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Figure 5.1: Typical pump-probe signals for a laser frequency of 32 cm−1. (a) field sweep
at a fixed time-delay of 641 ps and (b) time-delay sweep at 9.68 T (HH cyclotron resonance
field). The red traces correspond to the signals collected with both pump and probe beams
incident on the sample, with a pump:probe ratio of 30:1. The blue curves are measured under
pump-only illumination (parasitic signal, blocked probe channel). The black curves are the
actual pump-probe signals, obtained from the difference between the two measurements. The
red vertical lines in (a) show the expected magnetic field positions of the cyclotron resonances.
All curves are single sweep acquisitions, without averaging.
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Figure 5.2: Comparison of the field-dependent transmission with probe-only illumination using
the 30:1 (black curves) and 10:1 (blue curves) pump:probe ratio settings at the three different
frequencies. The red vertical dashed lines indicate the positions of the expected cyclotron
resonance fields for each frequency.
The results in Fig. 5.1 were obtained using a pump:probe intensity ratio of 30:1. This
ratio is set by the beam splitter and the use of an extra attenuator box in the probe beam
(see Fig. 4.1 for the details). Without attenuation of the probe beam, the pump:probe
ratio equals 10:1. Fig. 5.2 compares the signals for probe-only illumination using the
30:1 and 10:1 attenuator settings to investigate the effect on the signal by the probe
beam itself. Technically this means that for these measurements the pump channel was
blocked after the beamsplitter and that the two input channels were swapped by rotating
the insert 180◦ about the vertical axis to be able to detect the transmission of the probe
beam. The blue data curves correspond to the higher probe intensity (ratio 10:1) and
show clear cyclotron resonances at the expected positions for each laser frequency
(vertical red dashed lines), at least for 14.5 and 32 cm−1. This indicates that in those
cases, the probe beam intensity is too high. Instead, for the 30:1 pump:probe ratio
setting (black curves) probe-only illumination produces flat curves as a function of field
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5 FEL-based THz pump-probe experiment on p-doped germanium
strength, indicating that the probe beam intensity is low enough that it doesn’t affect
the signal. Based on these experiments, we have used the 30:1 pump:probe ratio for the
time-resolved experiments at 14.5 and 32 cm−1. For the measurements at 25.2 cm−1
we have used the 10:1 ratio to obtain a better signal to noise ratio.
5.2.4 Using different time-intervals
The measured signals were obtained by boxcar averaging. We integrated a time in-
terval of the total signal during the macropulse (for example between 4-8 µs) and
subtracted the corresponding background. We always chose the most extended time
interval for which the pulse was relatively noiseless. Usually, the first part of the
pulse was left out because it shows higher noise levels. To confirm the validity and
reproducibility of the data, we have checked whether using different integration win-
dows gave the same results. We performed this investigation for the cyclotron res-
onance of the HH peak at 14.5 cm−1 and 4.25 T, using a 30:1 pump-probe ratio
(Fig. 5.3). Since all the integrated signals overlap within the noise level, there is
no effect of the choice of the integration window.
















































Figure 5.3: Comparison of the use of different integration windows. (a) The shape of the
signal at the detector during a single macropulse, measured with 14.5 cm−1 light, at 4.25
T and at a time-delay of -1011 ps. The signal corresponds to the sum of the probe and the
parasitic signals. The vertical, coloured dashed lines indicate the integration intervals. (b) The
pump-probe signals obtained for the different integration windows, where the colours of the
curves correspond to the different time intervals depicted in the legend and the colors of the
dashed lines in (a).
74
“ThesisBence” — 2021/5/3 — 10:32 — page 75 — #83
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
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5.3 Experimental Results
Figure 5.4: Overview of the pump-probe transmission signals for laser frequencies 14.5 cm−1
(top panels), 25.2 cm−1 (middle panels) and 32 cm−1 (bottom panels). Left panels display the
signal as a function of field strength at maximum time-delay, normalized to the 0 T value. Right
panels show the signal at the indicated fields (blue arrows in left panels), normalized to the
value at minimum time-delay.
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5 FEL-based THz pump-probe experiment on p-doped germanium
5.3.1 Overview of the pump-probe transmission data
Fig. 5.4 shows an overview of the pump-probe transmission data using the two different
measurement modes described in the previous section for the three laser frequencies
used (14.5, 25.2 and 32 cm−1). The left panels show the normalized transmission
measured during field-sweeps at the maximum time-delay between the pump and
probe beams that the set-up can accommodate. For all frequencies, the traces reveal
apparent dips in the transmission at the fields that correspond to the cyclotron resonance
conditions for the LH ε+2 , LH ε
+
1 and HH transitions, consistent with the values
expected from our experiments in Chapter 3. The right panels display the normalized
transmission obtained during sweeps of the delay line at the indicated field strengths,
the resonance fields of the LH ε+2 , LH ε
+
1 and HH transitions. For each frequency, also
a typical trace measured at an out-of-resonance field is shown. Without exception, all
measured out-of-resonance traces are flat lines without any time-dependence. This result
demonstrates that the time-dependent pump-probe transmission is exclusively related
to the occurrence of cyclotron resonance transitions induced by the probe beam on free
holes in the valence band that are photo-ionized by the pump beam. At the resonance
fields, the transmission is high at negative time-delays. Then it slightly increases
(1-10 %) with increasing time-delay and then abruptly decreases around the zero time-
delay, to become smallest at the maximal time-delay. Clearly, the maximum time-delay
of the set-up is not large enough to observe the expected recovery of the transmission
at large time-delays, indicating that the typical times of the carrier dynamics are on a
nanosecond timescale. Surprisingly, the pump-probe transmission decreases at longer
delay times, in sharp contrast to standard pump-probe transmission curves obtained on
Si and Ge, which reveal an increase in probe transmission and a subsequent decrease.
We will address this issue after the explanation of our model in Section 5.5.1.
5.3.2 Power dependence
Fig. 5.5 shows the dependence of the time-dependent pump-probe transmission on the
overall pump power and the pump:probe intensity ratio. Since the heavy hole excitations
show the largest dip in the field-sweep transmission, we chose to demonstrate the effect
of intensity on the HH cyclotron resonance. Clearly, the amplitude of the signal
scales with the pump intensity. With reducing pump power the transmission amplitude
decreases, until at the lowest pump power the traces become flat (green curve (-19 dB))
in Fig. 5.5 (a) and blue curves (-10 dB) in Fig. 5.5 (c) and (d)). Remarkably, for
the highest pump powers used at laser frequency 14.5 cm−1 (Fig. 5.5 (a) and (b)) the
transmission shows a peak around zero-time-delay, which disappears with lowering
the pump intensity. We will discuss this behaviour in Section 5.5.3.
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Figure 5.5: The intensity-dependent pump-probe signals at the HH cyclotron resonance for laser
frequencies 14.5 cm−1 ((a) and (b)), 25.2 cm−1 (c) and 32 cm−1 (d). The displayed attenuation
values (in dB relative to the unattenuated beams) were applied to both pump and probe beams,
using the indicated pump:probe ratios. The maximum micropulse pump intensities at 14.5,
25.2 and 32 cm−1 were respectively 21, 13 and 105 kWcm2 . The results in (c) were obtained
after adjacent-point averaging to reduce the effect of the high amplitude noise of FLARE at
25.2 cm−1.
5.3.3 Field dependent pump-probe transmission at fixed time-delays
The time dependencies measured at the cyclotron resonance conditions display a
general dynamical response on a nanosecond timescale, which suggests that the
carrier dynamics takes place on a timescale longer than the time separation between
subsequent pulses (16.7 ns at 60 MHz). To further investigate this behaviour we
have measured the field dependence of the pump-probe transmission at the full range
of time-delays (Fig. 5.6). For laser frequencies 14.5 cm−1 (a) and 31.2 cm−1 (d)
clear cyclotron resonances dips were observed at negative time-delays (probe before
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5 FEL-based THz pump-probe experiment on p-doped germanium
Figure 5.6: Normalized pump-probe transmission as a function of magnetic field at fixed
time-delays using laser frequencies 14.5 cm−1 (a), 25.2 cm−1 (c) and 31.2 cm−1 (d) and a
pump:probe ratio of 30:1. The peak intensities of the pump micopulse were 17 (a), 13 (c)
and 105 (d) kWcm2 . (b) The magnetic field position of the HH (orange symbols) and LH ε
+
1
(red symbols) cyclotron resonances as a function of the measured intensity of the pump-only
transmission for the 14.5 cm−1 data in (a). For comparison the coefficient of variation CV is
shown.
the pump). Since the probe beam itself, without pump, does not induce cyclotron
resonance (Fig. 5.2) this result demonstrates that the effect of one pump pulse has not
yet disappeared before the next pump pulse arrives. The lifetime of the photo-ionized
free holes in the valence band is thus longer than 16.7 ns (the time between subsequent
pump pulses), which means that the probe pulse still finds free holes before the next
pump pulse arrives. In this picture, the slight increase of the transmission at negative
time-delays (Fig. 5.4 - 5.5) is due to the ongoing depletion of the valence band.
Another peculiar feature of the curves in Fig. 5.6 is the fact that the positions of the
observed cyclotron resonance fields vary with changing time-delay. This is apparent
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5.4 Modelling the dynamics of the pump-probe transmission curves
for all laser frequencies, but can be most clearly seen in the 14.5 cm−1 data (red and
orange indicators in (a) for respectively the HH and LH ε+1 dips). Inspection of the
parasitic signal of this experiment reveals that its normalized value fluctuates between
maxima and minima of 1.1 and 0.75 respectively (see also discussion of the parasitic
signal in Sections 4.3.4 and 5.2.2). Fig. 5.6 (c) shows the positions of the cyclotron
resonance dips as a function of the relative intensity of the parasitic signal. We attribute
the fluctuations in the dip position to the varying intensity of the pump beam during
scanning the delay-line. It is quite surprising that power variations of this size would
lead to these quite distinct changes in the cyclotron resonance position, in particular
because there is no clear tendency between the resonance position versus laser intensity.
The origin of this effect is currently unclear, but could be related to the variations
of the mode pattern of the THz radiation upon tuning the delay line. How exactly
a changing laser mode pattern will affect the beam propagation through the double
prism sample holder is difficult to determine and will require further investigation.
It is likely that not only the pump intensity varies as a function of the delay line
position, but also the spatial profile of the laser intensity at the sample, causing lateral
fluctuations in the concentration of photo-ionized valence holes. Potentially, local
variations in the hole density can result in the occurrence of diffusion of carriers in
between regions of high and low concentrations. Depending on the spatial overlap of
the pump and probe beams, potentially each with their own mode pattern, this effect
can be responsible for an extra process in the Landau level dynamics that is measured
in the experimental set-up and that should be taken into account.
5.4 Modelling the dynamics of the pump-probe transmis-
sion curves
In this section, we present a model that aims to describe the main experimen-
tal observations:
1. We observe a transient signal in transmission at the cyclotron resonance of each
of the hole subsystems. No time-dependent signal is observed under out-of-
resonance conditions, which demonstrates that the dynamics is probed of Landau
level transitions of free holes, which are created by the pump beam.
2. We observe a drop in the transmission signal, which can be as large as 30%
when the pump-probe delay becomes positive. This is in contrast to regular
pump-probe transmission experiments on a standard two-level system, which
show an enhanced transmission around zero time-delay, which subsequently falls
back to the background value at long delay times. In general, we do not observe
any overlap signal at zero pump-probe time-delay.
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5 FEL-based THz pump-probe experiment on p-doped germanium
3. We observe a clear signal at negative time-delays (probe before the pump), which
indicates that the relevant time scales of the hole dynamics are longer than the
time separation between the pump pulses.
At the same time, the data also reveals some complex observations, which make
the interpretation more difficult:
• The response at the HH cyclotron resonance at the relatively low magnetic fields
used in the experiments described in this chapter is due to the combined effect of
multiple free hole transitions: HH ε−1 and HH ε
−
2 . At these low fields, we cannot
resolve them, making the data analysis of this peak quite difficult.
• For the high pump powers used in our experiment it is likely that for each hole
transition, multiple Landau levels are excited. Those Landau level transitions are
non-equidistant at low quantum numbers14 (see Chapter 3), but the difference is
not very large. This effect is particularly visible for the HH transitions.
• The pump power is observed to fluctuate during the scanning of the delay line,
which means that the experimental conditions, i.e. the (local) concentration of
photo-excited holes, might vary with scanning the position of the delay line.
Given these complications and the inherently complex situation, we do not aim to
describe all the observed effects, but rather focus on the most prominent ones. We
concentrate our attention on the data of the LH ε+1 transition, which is a well-isolated
peak. And we focus on the data taken with a laser frequency of 32 cm−1, for which we
recorded the transients with relatively low noise and for which the shift of the resonance
peak positions with varying delay time was negligible (Fig. 5.6 (d)).
5.4.1 Description of the model
In essence, we use a modified three-level model (schematically shown in Fig. 5.7),
which is based on the energy level scheme of the valence band of Ge (Fig. 3.1).
In this picture the pump pulse both photo-ionizes holes from the localized ground
state of Ga (level 1) to free LH ε+1 holes in the valence band at the zeroth Landau
level (level 2) AND promotes them from the zeroth to the first excited Landau level
(level 3) through cyclotron resonance. The probe pulse probes the cyclotron resonance
transition between the zeroth and first Landau levels of LH ε+1 (between levels 2 and
3). The ground state of Ga (the lowest level at zero energy) is occupied by N1(t) holes.
We ignore the occupation of the first excited state of Ga (labelled Γ+8) at 55 cm−1
above the ground state. The excitation energies we use (h̄ω = 14.5 - 32 cm−1) are too
low to directly excite this level. The valence band (VB) is not occupied at the low
temperatures used in the experiment, and we can also safely neglect direct excitation
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Figure 5.7: Schematic representation of our rate-equation model. The pump pulse with frequency
h̄ω non-resonantly photo-ionizes (σion) holes of the Ga-dopants (level 1) and subsequently
promotes free holes from the zeroth (level 2) to the first (level 3) Landau level (cyclotron
resonance Wcyc) in the valence band. The probe beam probes the occupation of the Landau
levels (transitions between levels 2 and 3) at the cyclotron resonance (Wcyc). All other symbols
are explained in the text. This figure only illustrates the situation for the Landau levels of one
hole species at a given field and ignores the occupation of the Landau levels of the other hole
levels.
of free holes, the bottom of which is at 89 cm−1 above the ground state. Instead,
we assume that the pump pulse photo-ionizes holes in the Ga-groundstate according
to the ionization cross section σion, creating free holes in the zeroth Landau level
in the VB with a concentration of N2(t). These holes can either relax back to the
ground state with a rate characterized by the parameter γ21 or be excited to the first
Landau level (under cyclotron resonance conditions) with a cross-section Wcyc. The
concentration of holes in the first Landau level is N3(t). The LL lifetime is indicated
by τ32 and corresponds to the relaxation from the first to zeroth LL. The relaxation
from the LLs directly to the impurity state is characterized by γ21 and γ31 (defined
below). We note that in principle, the holes in the valence band can also relax to the
excited impurity levels.9 However, we do not specifically take these relaxation channels
into account, because for our purposes, it is sufficient to work with one recapture
process that describes the overall depletion of the valence band.
The time dependence of the system is initiated by the Gaussian pump pulse with






with peak intensity I0 and full width half maximum
∆w, leading to a time dependent occupation of the three levels N1(t),N2(t) and N3(t).
All other parameters are assumed to be independent of the time. Based on these as-
sumptions and previous works16, 27–29, 31, 32 we define the following rate equations






·N1(t)+ γ21 · (N2(t))2 + γ31 · (N3(t))2, (5.1)
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− γ31 · (N3(t))2. (5.3)
Note that the role of the pump pulse I(t) is twofold: to photo-excite holes from level 1
(equation 5.1) to level 2 (equation 5.2) and to induce cyclotron resonance (equations
5.2 and 5.3). As we will describe below this gives the peculiar time response of the
system. The recapture of holes from the LLs to the impurity level is expressed by
quadratic terms (Ni(t))2, because the recapture probability is given by the number of
ionized impurities times the number of free holes. The γi coefficients correspond to
proportionality factors for each LL.27, 28 Such a differential equation has a solution of
the form Ni(t) = 1/(γit + constant), resulting in a characteristic time τ 1
2
after which the
population is halved given by: τ 1
2
= 1/(Nmax · γi) with Nmax = Ni(t = 0).
These coupled rate equations describe the pump pulse induced time-dependent occu-
pations of the three levels N1(t), N2(t) and N3(t), which subsequently can be used
to calculate the transmission of the probe pulse at the cyclotron resonance transi-
tion of LHε+1 . To this end we calculate the time- and frequency-dependent dielec-
tric constant ε±(ω, t) according to Eq. 3.17 using the time evolution of N1(t) and
∆NLHε+1 (t) = N2LHε+1
(t)− N3LHε+1
(t) :






















Here ω j,c, τ j and m j are respectively the cyclotron frequency, scattering time and
effective mass corresponding to cyclotron resonance transition of hole j with j = LH
ε
+
1 , LH ε
+
2 , HH ε
−
1 , HH ε
−
2 and mls. Using the formalism described in chapter 3, we
take into account both reflection and absorption to obtain the transmission of the probe
pulse. As is reflected in this equation this is, however, quite a complex process. The
first two terms on the right hand side describe respectively the background dielectric
constant ε∞ and the bare cylcotron resonance of the LH ε+1 transition. In addition to
these two terms we also have to include the effect on the overall dielectric constant
due to the pump induced population of the Landau levels of the other hole species,
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5.4 Modelling the dynamics of the pump-probe transmission curves
because the photo-ionization process is a non-resonant process. Here we assume that
the valence holes are distributed over the different hole levels (LH ε+1 , LH ε
+
2 , HH ε
−
1
and HH ε−2 ), according to their density of states, as described by Eq. 3.33 in chapter 3:







for j = LH ε+1 , LH ε
+
2 , HH ε
−
1 and HH ε
−
2 . Essentially this means that we assume that
at all times the different hole reservoirs in the valence band are in equilibrium. Inserting
the time dependent occupation of the LH ε+1 Landau levels (N2(t) and N3(t)) in this
equation we calculate the occupation of the Landau Levels of the other hole species
(LH ε+2 , HH ε
−
1 and HH ε
−
2 ) as a function of time, resulting in an extra contribution
to ε±(ω, t) (term 3 on the right hand side). The last term is due to the occupation of
multiple, shifted, heavy hole Landau levels at high laser powers (see discussion in
Chapter 3, Section 3.2.2). Since we do not know exactly how many levels are excited
we ignore any time dependence in this term and we use it as a background, average
contribution, obtained from the experiment, as described in the next section.
5.4.2 Fitting the dynamics of the pump-probe transmission curves
Using Eq. 5.4 we fit the pump-probe curve of the LH ε+1 transition at 32 cm
−1 (Fig. 5.4
III. d), where N1(t), N2(t) and N3(t) are obtained by solving the coupled rate equa-
tions Eq. 5.1-5.3 through a numerical Runge–Kutta iterative method. The 5 time-
independent fitting parameters are γ31, γ21, τ32, Wcyc and σion. For each of these
parameters we provide reasonable initial values to facilitate the fitting process. In
addition we insert fixed values for the parameters ∆ω , I0, ω j,c, τ j and m j, where
ω j,c, τ j and m j are determined from the field sweep-curve shown in Fig. 5.8 using
the procedure described in Chapter 3, Section 3.2.2. An overview of all the param-
eters and their initial values is given in Table 5.1.
We implemented the fitting routine in MATLAB using the fminsearchcon38 function.
We used the jacobianest39 function to estimate the Jacobian matrix of the fit function to
determine the standard errors of the fitted parameters. The error calculation follows the
general procedure which is well-discussed in the literature.40–42 The relevant time scale
of the hole dynamics extends the time separation between the subsequent pump pulses,
which means that the first pump pulses build up an occupation of the valence band that
does not go to zero in between the pulses. The first pump pulse, therefore, encounters a
different experimental condition than the later ones. We tackle this situation by starting
the calculation before the very first micropulse arrives, when there are no carriers in
the valence band yet, i.e. N2 = N3 = 0 and all holes are still in the Ga ground state
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5 FEL-based THz pump-probe experiment on p-doped germanium
N1 = NA. For this initial situation, we make estimates of the other parameters. We use
σion = 7 ·10−19 m2, obtained by Jungwirt and Prettl48 on Ge:B at a laser frequency of
141.8 cm−1. We used the same number for the initial value of the cyclotron resonance
cross-section Wcyc. The initial value for τ32 was taken to be 0.997 ns, from fitting the
pump-probe data using a single exponential decay (see blue line in Fig. 5.9 (d)). The
initial γ values were taken to be zero, consistent with a long lifetime in the valence
band (slow recapture time). As we will see below, with these initial values, the model
shows that after several micropulses, the system arrives at a quasi-steady state meaning
that the next pulse has the same effect as the previous ones. The transient of this
steady-state solution we use to fit the experimental data.
5.4.3 Description of the fitting results
Fig. 5.9 shows the results of the fitting process using the parameters listed in the last
column of Table 5.1. Panels (a), (b) and (c) display the populations of N1 (green curves),
N2 (black curves) and N3 (blue curves) and the resulting normalized transmission
Tc (red curves) at different time windows. In Fig. 5.9 (d) we show the experimental
data with the fitted curve, which is essentially the average of the transmissions of the
micropulses, as shown in (c), averaged over subsequent macropulses. This is indicated






























Figure 5.8: Field sweep at a laser frequency of 32 cm−1 and a negative delay of -1018 ps. The
black curve is the measured data and the red curve is the fit using the values for ω j,c, τ j and m j
listed in Table 5.1 and fitted values for the level occupations ∆NLHε+1 = (3.5±0.8) ·10
12 cm−3,
∆NLHε+2 = (5.9± 0.8) · 10
12 cm−3, ∆NHHε−2 = (2.9± 0.5) · 10
13 cm−3. The fixed occupation
values determined from the overparameterized fit (Chapter 3, Section 3.2.2, error bars cannot
be assigned) are Nmls = 1.6 ·1016 cm−3 and ∆NHHε−1 = 4.8 ·10
13 cm−3. The values obtained
from this curve are used for fitting the pump-probe signal.
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5.4 Modelling the dynamics of the pump-probe transmission curves
Table 5.1: Overview of the parameters of the model and their initial and fitted values. The
parameters of mls and HHε−1 are obtained from the overparameterized fit; therefore, error bars
cannot be assigned.
.
Time dependent quantities Parameter Initial Value Calculated value
Occupation Ga ground state N1(t) NA = (5.70±0.03) ·1014 cm−3 see figure 5.9
Occupation zeroth LL LHε+1 N2(t) 0 see figure 5.9
Occupation first LL LHε+1 N3(t) 0 see figure 5.9
Time independent fitting parameters Parameter Initial Value Fitted value
Ionisation cross section σion 7 ·10−19 m2 Ref.48 (2.0±0.7) ·10−21 m2
Cyclotron resonance cross section Wcyc 7 ·10−19 m2 Ref.48 (1.1±0.6) ·10−20 m2
Landau level relaxation time τ32 0.997 ns (1.08±0.18) ns
Relaxation parameter from zeroth LL LHε+1 γ21 0 (1.5±1.2) ·10−12 m3/s
Relaxation parameter from first LL LHε+1 γ31 0 0
Fixed parameters Parameter Initial Value Value
Intensity pump pulse I0 - 105 kW/cm2
Pulse width pump pulse ∆ω - 20 ps
Scattering time LHε+1 τLHε+1 - (5.4±1.6) ps
Scattering time LHε+2 τLHε+2 - (2.4±0.5) ps
Scattering time HHε−1 τHHε−1 - 0.7 ps
Scattering time HHε−2 τHHε−2 - (1.7±0.3) ps
Scattering time mls τmls - 0.0005 ps
Effective mass LHε+1 mLHε+1 - (0.0930±0.0006) me
Effective mass LHε+2 mLHε+2 - (0.0432±0.0004) me
Effective mass HHε−1 mHHε−1 - 0.2301 me
Effective mass HHε−2 mHHε−2 - (0.2793±0.0021) me
Effective mass mls mmls - 0.2105 me
by the grey-shaded area between (c) and (d). We find that for a certain set of parameters
the model can reasonably describe the measured transmission transient.
Fig. 5.9 (c) demonstrates the overall behaviour within the macropulse. It takes
approximately three micropulses before the quasi-steady-state is established. Up
until the last micropulse, the dynamical response is identical for all micropulses
(quasi-equilibrium), shown in detail in Fig. 5.9(a). When the pump pulse arrives the
population of the ground state N1 drops, leading to a sharp increase of the occupations
of both the zeroth Landau level N2 (photo-ionization) and the first Landau level N3
(cyclotron resonance). N2 slowly decays, indicating a relatively long recapture time.
Upon the arrival of the pump pulse N3 sharply increases and subsequently decays with
a decay time of τ32 = (1.08±0.18) ns, meaning that the first Landau level completely
depopulates before the next pump micropulse arrives (after 16.7 ns). During this
LL relaxation, ∆NLHε+1 increases (illustrated by the vertical arrow between the blue
and black curves in Fig. 5.9 (a)), which essentially results in the reduction of the
transmission signal (red curve) with time. Because N2 is roughly constant at this time
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5 FEL-based THz pump-probe experiment on p-doped germanium
Fit (model)
τ32 = (1.08±0.18) ns
Wcyc = (1.1±0.6) • 10-20 m2
σion = (2.0±0.7) • 10-21 m2
γ
21
= (1.5±1.2) • 10-12 m3/s
Fit (~e -t/τ32)






0 0.02 0.04 0.06 0.08
Figure 5.9: Fitting of the transmission transients. (a), (b), (c) Time evolutions of the populations
of N1 (green curves), N2 (black curves) and N3 (blue curves) (right axes) and the resulting
normalized transmission (red curves, left axes) for different time windows. (a) Reponse of a
single micropulse. (b) Response after the last micropulse. (c) Overview of the response of a
10 µs long macropulse consisting of a 60 MHz train of micropulses. After ≈3 micropulses the
system reaches a quasi-steady state. (d) Measured normalized transmisson (black curve), also
shown in Fig. 5.4 III. (d), with the best fit (red curve). The sky-blue line shows the exponential
fit of the transmission decay. The inset shows the calculated reflection based on the fitted curve.
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5.4 Modelling the dynamics of the pump-probe transmission curves
scale, the typical time at which the transmission signal drops is primarily determined
by the LL relaxation time τ32.
Because of the long recapture time the transmission does not start to increase again
within the time-delay that our delay-line can accommodate. It does not even recover to
its initial value in between the micropulses. In fact, just before the next pump pulse
(negative time-delay in Fig. 5.9 (a)), N2 is still high and slowly decreases, which leads
to a very slowly increasing transmission (2% increase at the negative delay). The actual
depletion of the valence band (decreasing N2) is governed by the values of γ21 and γ31.
However, our fitting procedure showed that the direct relaxation of the first LL to the
impurity ground state can be ignored. γ31 was found to be at least eight orders of
magnitude smaller than γ21. The Jacobian matrix has a zero vector for γ31, which tells
us that this parameter is not needed in the model. This is consistent with the fitted value
of τ32 = 1.08 ns and that the first LL is depopulated when the next pulse arrives.
The calculation shows that, with the parameters used for the best fit, indeed during
the macropulse the system doesn’t recover to the initial ”dark” state with N1 = NA =
(5.70± 0.03) · 1014 cm−3 and N2 = N3 = 0. Fig. 5.9 (b) shows the depletion of the







The model shows a peculiar feature during the time the pump and probe actually overlap
in time, indicated by the grey vertical bars in Fig. 5.9 (d). Around zero time-delay the
transmission first goes down, indicating absorption of the pump pulse light promoting
holes from the Ga impurities to the valence band. At the same time N2 and N3 grow
during the presence of the pulse, resulting in an increasing transmission, as the popula-
tion difference between N2 and N3 decreases. These competing responses result in the
small feature, the width of which is approximately 18 ps, comparable to the 20 ps pulse
width used. Its amplitude, however, is relatively small and falls within the noise level of
the experiment, which makes it difficult, if not impossible, to observe. We will discuss
the expected response of the system around the pump-pulse overlap in the next section.
Finally, in the inset of Fig. 5.9 (d) we show the reflection of the sample at the measure-
ment frequency, calculated with the parameters of the best fit. The overall reflection
coefficient is about 3% and thus rather small. Moreover, around the point of zero




· 100% of about 5.3%, which is less than
the change in the transmission (10 %). As discussed in section 3.2.3, we note that the
model calculates the absolute transmission. In contrast, we have measured the changes
in the transmission, relative to a reference value (the value at zero magnetic field or
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5 FEL-based THz pump-probe experiment on p-doped germanium
at the earliest time-delay). When using the calculated absolute transmission curve to
fit the relative transmission, it has been normalized to its reference value used for the
measurement. This approach works only when the change in the reflection with time is
small. The calculated reflection in the inset of Fig. 5.9 (d) confirms that this is the case.
5.5 Discussion of the results
As described in the previous section, our model is able to explain some basic features
of the measured transmission transients at a cyclotron resonance, i.e. a decreasing
transmission on a nanosecond time scale, prolonged recovery and the absence of a
pump-probe overlap signal. An extensive analysis of the fitting procedure has revealed,
however, that the specific shape of the signal puts very stringent constraints to the
input parameters of the model, which only can be accommodated by a certain restricted
combination of the many fitting parameters. Outside this narrow set of parameters,
the model predicts traces that strongly deviate from the experimental ones. In this
section, we discuss the fundamental physical processes that are required to explain our
observations. Still, we also demonstrate that this picture fails to explain the observed
laser intensity dependence and the absence of the pump-probe overlap signal.
5.5.1 Observation of a decrease in the transmission
Our most striking observation is that the transmission decreases at zero time-delay, in
contrast to a regular pump-probe experiment. In our model this is determined by the fact
that the occupation of the zeroth Landau Level increases by the pump pulse, because of
the photo-ionization, resulting in an enhanced cyclotron absorption and a decreasing
transmission. In a regular pump-probe experiment on a two-level LL system, so without
photo-ionization, the occupation of the lowest LL would decrease by the pump pulse,
which would result in a decreasing absorption and an enhanced transmission. We
visualize this effect in Fig. 5.10, which compares the model calculations using the
parameters of the best fit with those when the photo-ionization is set to zero. When
σion = 0 the calculated transmission vanishes altogether (green curve), because the hole
Landau levels are no longer populated. The blue curve is calculated with all parameters
from the best fit, except setting σion to zero and adding a background occupation of
the zeroth Landau Level N2init = N2max . This curve resembles a standard pump-probe
experiment, where during the rising edge of the pump pulse the transmission increases,
because the population of the zeroth (first) Landau level is increasing (decreasing)
due to cyclotron absorbance. Subsequently, the transmission decreases to its intial
value according to an exponential decay characterized by the Landau level relaxation
τ32.50, 51, 53 In our model calculation, this Landau level dynamics is obscured by the
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sion= 20*10-22 m2 (fit)
sion= 0 m2 (N2init = 0)













Figure 5.10: Demonstration of the effect of σion. The red and the black curves are the fit and
the measured data from Fig. 5.9 (d). We distinguish two cases of σion = 0 (no ionization takes
place). Green curve: no initial carriers in the band. Blue curve: initial carriers in the band.
Every curve is calculated using the time independent fitting parameters, which are listed on
Table 5.1, except N2init (blue) and σion (blue and green).
slow ionization and recapture dynamics, resulting in the peculiar transmission transients
that we measure. The typical time constant with which the transmission is observed to
decay is, therefore, primarily determined by the inter Landau level relaxation time τ32.
5.5.2 Populations of the hole levels
Figure 5.11 shows the calculations of Fig. 5.9 (a) on a linear scale to highlight the
changes in the populations of the three levels N1(t),N2(t) and N3(t). When the
pump pulse (grey line) arrives the population of the ground state N1 drops from
≈ 3.6 ·1014 cm−3 to ≈ 1.7 ·1014 cm−3, followed by a slow rise given by the recapture
dynamics. The drop in N1 is accompanied by an increase in the occupations of both
the zeroth Landau level N2 (photo-ionization) and the first Landau level N3 (cyclotron
resonance). N2 shows only a small variation between≈ 2.0 ·1013 cm−3 and≈ 3.0 ·1013
cm−3. The pump pulse causes N3 to sharply increase to≈ 8.2 ·1012 cm−3, which decays
to zero with the inter Landau level relaxation time (τ32 = (1.08±0.18) ns). During this
LL relaxation, ∆NLHε+1 increases, which generates the transient in transmission. The
decrease of N1 (≈ 1.9 ·1014 cm−3) is much larger than the summed changes in N2 and
N3 (≈ 3.8 ·1013 cm−3). Due to their higher density of the states, photo-ionization pre-
dominantly populates the HH levels (the mass ratio between the HH/LH levels is about a
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Figure 5.11: Adapted plot of Fig. 5.9 (a) on a linear scale.
factor of three). So despite the fact that the cross section for cyclotron resonance is about
a factor 5 higher than that of photo-ionization (see below), the jump in the occupation of
N2 is much smaller than that of N1. To take into account the population of all hole levels
we included all of them in the calculation of the dielectric constant (Eq. 5.4). Similarly
to Fig. 5.10, we can also check the effect of the fixed parameters in the calculation. As
an example, in Fig. 5.12 we plot the calculated transmission curve where the effect




2 and mls) is removed from the equation
of the dielectric function (orange curve). Ignoring the occupation of the other holes
levels, we obtain a sharper fall of the curve near the point of zero time-delay, but overall
the orange curve only slightly deviates from the the red curve at positive delay values,
whereas at negative delays the two curves overlap. Therefore, we can conclude that the
Landau level dynamics is primarily determined by the cyclotron resonance transition
that is resonant with the FEL light (here LH ε+1 ), and the background occupations of
the other hole levels only smooth out the response around the point of zero time-delay.
Within this interpretation, the transmission signal is generated by a relatively small
modulation in N3−N2 over time, which is created by a subtle balance between photo-
ionization, recapture, cyclotron resonance and LL relaxation, which are respectively
determined by the 4 most important fitting parameters σion, Wcyc, τ32, and γ21.
We compare our fitted parameters with some literature values in Table 5.2. We note
that we did not find a study where all these four parameters are determined on the
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Modified calculation:














Figure 5.12: The red and the black curves are the fit and the measured data from Fig. 5.9 (d).
The orange curve is calculated with a reduced dielectric function.
same single crystal. In general, there are very few studies on bulk, doped, group IV or
group III-V semiconductors that investigate the light-induced dynamical properties in
the THz range. Nevertheless, we found reasonably good agreement for the recapture
time and the LL lifetime. In Ref.8 the recapture time was measured with pump-probe
spectroscopy without a magnetic field on Ga-doped Ge with 3.5 times higher gallium
concentration than we used. They obtained a decreasing recapture time with increasing
population of the band, i.e. with increasing THz light intensity. They extracted the
capture time assuming an exponential decay, whereas we have used a model where
the recaputure probablity scale with the square of the population. The LL lifetime
from Ref.31 was obtained by saturation spectroscopy. According to this article, the LL
lifetime is inversely proportional to the carrier concentration of the higher LL level. The
donor concentration was comparable to our gallium concentration, so this agreement
seems consistent. Comparing cyclotron resonance cross-sections is not trivial. Not only
because of the different materials, but the cross-sections can also depend on the fre-
quency, the polarization of light and the magnetic field.47 The ionization cross-section
from Ref.48 was obtained by using a photon energy, higher than the boron ionization en-
ergy. In this work, the photon energy was always lower than the ionization energy of the
gallium atom, so the direct comparison between the two values is not straightforward.
91
“ThesisBence” — 2021/5/3 — 10:32 — page 92 — #100
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
5 FEL-based THz pump-probe experiment on p-doped germanium
Table 5.2: Overview of the fitting parameters and the literature values obtained on similar
semiconductors.
Parameter This work (32 cm−1) Other works
Ionization cross section (σion) (2.0±0.7) ·10−21 m2 7 ·10−19 m2 (B-doped Ge)48 142.9 cm−1, H = 0
Cyclotron resonance cross section (Wcyc) (1.1±0.6) ·10−20 m2 4 ·10−18 · (ωcτ) m2 (n-type GaAs)31 33.4-84.2 cm−1
Landau level lifetime (τ32) (1.08±0.18) ns (0.8±0.2) ns (n-type GaAs)31 33.4-84.2 cm−1
Recapture time (from γ21) (19±15) ns 1.2-10.9 ns (Ga-doped Ge)8 54.3-95.2 cm−1, H = 0
5.5.3 Intensity dependence and pump-probe overlap
We have performed an extensive analysis of the outcome of the model upon varying
the values of the important parameters I0, σion, Wcyc, γ21 and τ32. Here we show the
dependence of the calculated signal on the laser intensity I0 used, which we can compare
with the measured pump-probe curves for different laser intensities (see Fig. 5.5 in
Section 5.3.2). Fig. 5.13 shows the resulting curves when the incident laser power
is doubled (grey curve) or halved (orange curve) with respect to the results of the
best fit in Fig. 5.9 (red curve). The model calculations with double (half) the laser

































































Figure 5.13: The calculated pump-probe signal at three different intensities. The measurement
(black) and the fit (red) are from Fig. 5.9 (d). The grey curve shows the effect of a doubled
intensity (210 kW/cm2). The orange curve shows the effect obtained using half the intensity
(52.5 kW/cm2). The corresponding insets show the populations N2(t) and N3(t) to be compared
to the results in Fig. 5.9 (a). The inset at the top right corner shows the results of the power-
dependent pump-probe experiment on the HH resonance (also shown in Fig. 5.5 (b)). Note that
at the highest power (red curve) there is a 10% increase of the transmission near 0 ps.
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5.5 Discussion of the results
intensity show a sharp increase (decrease) at the point of zero time-delay. Higher
(lower) pump intensities lead to the photo-creation of more (less) free holes and a
higher (lower) cyclotron resonance absorption of the pump beam (defined by the term
Wcyc
I(t)
h̄ω · (N2(t)−N3(t)) in the rate equations 5.2 and 5.3. This leads to a smaller
(larger) population difference (N2(t)−N3(t)), as shown in the insets of Fig. 5.13, which
results in a higher (lower) measured transmission of the probe pulse. Qualitatively, we
observe some of these trends in the data of Fig. 5.5. With decreasing laser intensity,
the reduction in the transmission becomes less until it disappears altogether at lowest
power when there is no longer photo-ionization. With increasing laser intensities
some transmission curves develop an increased transmission signal around the point
of zero time-delay (inset Fig. 5.13 or Fig. 5.5(a)-(b)). However, the model predicts
an extreme dependence on laser power and very sharp changes in the signal around
the pump-pulse overlap on a time scale on the order of the pulse width of 20 ps.
Neither of these predictions is clearly visible in the data.
In fact, our model only predicts the observed more or less gradual changes in the trans-
mission signal when the variations in the probed population difference (N2(t)−N3(t))
are relatively small, as in Fig. 5.9 (a). This behaviour can be realized for parameter
values close to those of the best fit (right column of Table 5.1), but small changes in the
values of I0, σion and Wcyc lead to non-monotonous and peaked predicted transmission
transients, as the ones in Fig. 5.13. The precise explanation for this disagreement
is not clear but can be related to several effects occurring in our experimental setup
and the specific assumptions we make in our model.
• Any sharp response around the point of zero time-delay could be damped because
of pulse broadening in the double prism sample holder. In our model calculations,
we have used a pulse width of 20 ps, assuming that there is no pulse broadening.
However, broadening might occur due to an imperfect spatial overlap between
the pump and probe pulse, due to beam propagation effects in the double-prism
setup, which also can vary as a function of the time-delay (see discussion in
Section 5.3.3). Unfortunately, the actual spatial overlap is very difficult to
determine in our setup. We also note that non-Gaussian spatial mode patterns
of the THz radiation at the sample might lead to lateral variations of the photo-
excited hole concentrations. Such concentration variations can result in diffusion
of holes from regions of high to low concentrations, which certainly will affect
the measured transmission time transients at cyclotron resonance conditions.
• Our model neglects the absorption of the probe due to ionization, which is
(only) present when pump and probe overlap in time and space, because the
rate equations (Eq. 5.1-5.3) only consider the pump-only beam. Yet, this probe
absorption is expected to be quite significant compared to the absorption at
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5 FEL-based THz pump-probe experiment on p-doped germanium
positive time-delay, given the large ratio between |∆N1| and |∆N3|, where ∆ refers
to the population difference of a given level before and after the pump pulse.
However, this effect is not observed in the experiment, the reason of which is not
known.
• Our model treats the cyclotron resonances of both pump and probe pulses within
a perfect two-level model with populations N2 (zeroth LL) and N3(first LL). In
reality, the LH and HH Landau levels are non-equidistant, and the cyclotron
transitions shift to respectively lower and higher field strengths for LHs and
HHs with increasing laser power (see discussion in Chapter 3). This type of
behaviour, which we observed in our field-dependent pump-probe transmission
experiments at fixed time-delays (Section 5.3.3 and Fig. 5.6) might lead to a
power dependence which is very different from the one predicted by our model.
• Our model assumes that the fitting parameters σion, Wcyc, γ21 and τ32 are time
independent, which is not necessarily the case.
The inherently complex response of the present Ge sample prohibits to discrimi-
nate between these effects experimentally.
5.6 Conclusions and outlook
We have developed a single colour THz pump-probe setup, for use in high magnetic
fields, which permitted us to perform a study of the ultrafast THz dynamics on Ga-doped
germanium. Under cyclotron resonance conditions, we observe a clear drop in the THz
transmission around zero time-delay of our pump and probe beams, which exhibits a
nanosecond decay and which recovers on a much longer timescale. We have developed
a three-level rate equation model taking into account the simultaneous photo-ionization
and cyclotron resonance of free valence holes to describe the experimental results.
Although our model is not able to explain all observations done, our analysis shows
that the dynamics of the LL transitions occurs on a nanosecond timescale and that
the estimated carrier recapture time (≈20 ns) is longer than the repetition rate of the
micropulse (16.7 ns). Therefore, the depletion of the valence band can only happen
between the macropulses (200 ms repetition rate). We have discussed the limitations
of our model and our setup. For reliable pump-probe experiments, the problem of the
modulations in the pump power during scanning the delay line should be solved and the
performance of the double prism sample holder should be improved, with a better tem-
poral and spatial overlap of the pump and probe beams. A possible other improvement
of the setup is the extension of the delay line to access longer carrier lifetimes.
94
“ThesisBence” — 2021/5/3 — 10:32 — page 95 — #103
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
References
[1] Bratt, Peter R. "Impurity germanium and silicon infrared detectors." Semiconduc-
tors and Semimetals. Vol. 12. Elsevier, 1977. 39-142.
[2] Wang, Gang, et al. "Direct growth of graphene film on germanium substrate."
Scientific reports 3 (2013): 2465.
[3] Rodolfo E. Camacho-Aguilera, Yan Cai, Neil Patel, Jonathan T. Bessette, Marco
Romagnoli, Lionel C. Kimerling, and Jurgen Michel, "An electrically pumped
germanium laser," Opt. Express 20, 11316-11320 (2012)
[4] Miura, Noboru. Physics of semiconductors in high magnetic fields. Vol. 15. Oxford
University Press, 2008.
[5] Wilke, I., et al. “Spectroscopy of the Hole Population in Bound Excited Acceptor
States during Recombination in P-Type Ge.” Solid State Communications, vol. 93,
no. 5, Feb. 1995, pp. 409–14. ScienceDirect, doi:10.1016/0038-1098(94)00808-6.
[6] Keilmann, F. “Infrared Saturation Spectroscopy in P-Type Germanium.” IEEE
Journal of Quantum Electronics, vol. 12, no. 10, Oct. 1976, pp. 592–97. IEEE
Xplore, doi:10.1109/JQE.1976.1069045.
[7] Till, Rainer, and Fritz Keilmann. “Dynamics of Low-Energy Holes in Germanium.”
Physical Review B, vol. 44, no. 4, American Physical Society, July 1991, pp.
1554–64. APS, doi:10.1103/PhysRevB.44.1554.
[8] Nils Deßmann, S. G. Pavlov, V. V. Tsyplenkov, E. E. Orlova, A. Pohl, V. N. Shastin,
R. Kh. Zhukavin, S. Winnerl, M. Mittendorff, J. M. Klopf, N. V. Abrosimov, H.
Schneider, H.W. Hübers, Phys. Status Solidi B254, No. 6, 1600803 (2017)/
DOI10.1002/pssb.201600803
[9] V.N. Abakumov, V.I. Perel’, I.N. Yassievich JETP, 1977, Vol. 45, No. 2, p. 354
[10] Yeh, Tien-Tien, et al. “Ultrafast Carrier Dynamics in Ge by Ultra-Broadband
Mid-Infrared Probe Spectroscopy.” Scientific Reports, vol. 7, no. 1, 1, Nature
Publishing Group, Jan. 2017, p. 40492. www.nature.com, doi:10.1038/srep40492.
[11] Zürch, Michael, et al. “Direct and Simultaneous Observation of Ultrafast Elec-
tron and Hole Dynamics in Germanium.” Nature Communications, vol. 8,
no. 1, 1, Nature Publishing Group, June 2017, p. 15734. www.nature.com,
doi:10.1038/ncomms15734.
95
“ThesisBence” — 2021/5/3 — 10:32 — page 96 — #104
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[12] Oberli, Marcia T. Portella, et al. “Time Resolved Dynamics of Holes in P-Type
Germanium Photoexcited by Femtosecond Infrared Pulses.” Brazilian Journal of
Physics, vol. 26, no. 2, 1996, p. 5.
[13] Woerner, M., et al. “Inter-Valence-Band Scattering and Cooling of Hot Holes
in p -Type Germanium Studied by Picosecond Infrared Pulses.” Physical
Review B, vol. 41, no. 8, Mar. 1990, pp. 5463–66. DOI.org (Crossref),
doi:10.1103/PhysRevB.41.5463.
[14] Wallis, R. F., and H. J. Bowlden. "Theory of the Valence Band Structure of
Germanium in an External Magnetic Field." Physical Review 118.2 (1960): 456.
[15] R. Paschotta, article on ’pump–probe measurements’ in the Encyclopedia of Laser
Physics and Technology, 1. edition October 2008, Wiley-VCH, ISBN 978-3-527-
40828-3
[16] W. Heiss, P. Auer, E. Gornik, C. R. Pidgeon, C. J. G. M. Langerak, B. N.
Murdin, G. Weimann, and M. Heiblum, Appl. Phys. Lett. 67, 1110 (1995),
https://doi.org/10.1063/1.114977
[17] G. Dresselhaus, A. F. Kip, and C. Kittel Phys. Rev. 98, 368 – Published 15 April
1955
[18] John Halperna, Benjamin Lax, Journal of Physics and Chemistry of Solids, Volume
26, Issue 5, May 1965, Pages 911-919
[19] R. N. Dexter, H. J. Zeiger, and Benjamin Lax Phys. Rev. 104, 637 – Published 1
November 1956
[20] Jerzy Kołodziejczak, Benjamin Lax, Yuichiro Nishina, Physical Review, vol. 128,
Issue 6, pp. 2655-2660
[21] B. Lax and J.G. Mavroides, “Interband optical effects” in “Semiconductors and
Semimetals” edited by R.K. Willardson amd A.C. Beer, Academic Press, New
York and London, 1967
[22] R C Jayasinghe, Y F Lao, A G U Perera, M Hammar, C F Cao and H Z Wu,
Published 4 October 2012 IOP Publishing Ltd, Journal of Physics: Condensed
Matter, Volume 24, Number 43
[23] Kramers-Kronig constrained variational analysis of optical data, A. B. Kuzmenko,
Review of Scientific Instruments 76, 083108 (2005).
96
“ThesisBence” — 2021/5/3 — 10:32 — page 97 — #105
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[24] Max Born, and Emil Wolf (1999). Principles of Optics: Electromagnetic The-
ory of Propagation, Interference and Diffraction of Light (7th ed.). Cambridge:
Cambridge University Press. ISBN 9780521642224.
[25] Microwave Engineering, 4th Edition David M. Pozar, ISBN: 978-0-470-63155-3
[26] Wang, X., Belyanin, A., Crooker, S. et al. Interference-induced terahertz trans-
parency in a semiconductor magneto-plasma. Nature Phys 6, 126–130 (2010)
doi:10.1038/nphys1480
[27] N. Q. Vinh, P. T. Greenland, K. Litvinenko, B. Redlich, A. F. G. van der
Meer, S. A. Lynch, M. Warner, A. M. Stoneham, G. Aeppli, D. J. Paul, C.
R. Pidgeon, and B. N. Murdin PNAS August 5, 2008 105 (31) 10649-10653;
https://doi.org/10.1073/pnas.0802721105
[28] N. Q. Vinh, B. Redlich, A. F. G. van der Meer, C. R. Pidgeon, P. T. Greenland, S.
A. Lynch, G. Aeppli, and B. N. Murdin Phys. Rev. X 3, 011019 – Published 14
March 2013
[29] I Maran et al 1994 Semicond. Sci. Technol. 9 700
[30] Starikov, E.V., Shiktorov, P.N. Numerical simulation of far infrared emission
under population inversion of hole sub-bands. Opt Quant Electron 23, S177–S193
(1991) doi:10.1007/BF00619764
[31] G. R. Allan, A. Black, C. R. Pidgeon, E. Gornik, W. Seidenbusch, and P. Colter
Phys. Rev. B 31, 3560 – Published 15 March 1985
[32] H. J. A. Bluyssen, J. C. Maan, T. B. Tan, and P. Wyder Phys. Rev. B 22, 749 –
Published 15 July 1980
[33] Vorob’ev L. E. Population inversion and amplification of far-IR radiation at
cyclotron resonance of heavy hot holes in germanium, JETP 58, No. 11, 868-873
[34] Altukhov I.V., Kagan M.S., Korolev K.A., Sinis V.P. (1996) Hot-Hole Streaming
in Uniaxially Compressed Germanium. In: Hess K., Leburton JP., Ravaioli U.
(eds) Hot Carriers in Semiconductors. Springer, Boston, MA
[35] Altukhov, I. V., et al. "Hot-hole far-IR emission from uniaxially compressed
germanium." Soviet physics, JETP 74.2 (1992): 404-408.
[36] Andronov, A. A., et al. "Germanium hot-hole cyclotron-resonance maser with
negative effective hole masses." Zh. Éksp. Teor. Fiz 90 (1986): 367-384.
[37] P. Gogoi et al. to be published
97
“ThesisBence” — 2021/5/3 — 10:32 — page 98 — #106
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[38] John D’Errico (2020). fminsearchbnd, fminsearchcon
(https://www.mathworks.com/matlabcentral/fileexchange/8277-fminsearchbnd-
fminsearchcon), MATLAB Central File Exchange. Retrieved January 21,
2020.
[39] John D’Errico (2020). Adaptive Robust Numerical Differentiation
(https://www.mathworks.com/matlabcentral/fileexchange/13490-adaptive-
robust-numerical-differentiation), MATLAB Central File Exchange. Retrieved
January 21, 2020.
[40] William. H. Press, etc. Numerical Recipes in C++. Cambridge University Press,
2002.
[41] David A. Ratkowsky. Handbook of Nonlinear Regression Models. Marcel Dekker,
Inc. 1990.
[42] Douglas M. Bates, Donald G. Watts. Nonlinear Regression Analysis & Its Appli-
cations. John Wiley & Sons, Inc. 1988.
[43] Optical Properties of Solids, J. Tauc North-Holland, Amsterdam (1972)
[44] F. Demichelis, G. Kaniadakis, A. Tagliaferro, and E. Tresso, "New approach to
optical analysis of absorbing thin solid films, " Appl. Opt. 26, 1737-1740 (1987)
[45] K.L.I. Kobayashi, E. Otsuka, Cyclotron resonance of hot electrons and
nonlinear transport phenomena in n-type indium antimonide, Journal of
Physics and Chemistry of Solids, Volume 35, Issue 7, 1974, Pages
839-849, ISSN 0022-3697, https://doi.org/10.1016/S0022-3697(74)80265-9.
(http://www.sciencedirect.com/science/article/pii/S0022369774802659)
[46] N. Stavrias, K. Saeedi, B. Redlich, P. T. Greenland, H. Riemann, N. V. Abrosimov,
M. L. W. Thewalt, C. R. Pidgeon, and B. N. Murdin, Phys. Rev. B 96, 155204 –
Published 9 October 2017
[47] S. K. Singh, B. D. McCombe, J. Kono, S. J. Allen, Jr., I. Lo, W. C. Mitchel, and
C. E. Stutz Phys. Rev. B 58, 7286 – Published 15 September 1998
[48] G. Jungwirt, W. Prettl, Nonlinear far-infrared photoionization of shal-
low acceptors in Germanium, Infrared Physics, Volume 32, 1991, Pages
191-194, ISSN 0020-0891, https://doi.org/10.1016/0020-0891(91)90109-S.
(http://www.sciencedirect.com/science/article/pii/002008919190109S)
[49] Handbook on Physical Properties of Ge, Si, GaAs and InP, Adolfas Dargys,
Jurgis Kundrotas, Science and Encyclopedia Publishers, 1994, ISBN 5420010887
9785420010884
98
“ThesisBence” — 2021/5/3 — 10:32 — page 99 — #107
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[50] Chengmin Gao, Xin Zhao, Jun Yao, Xiao-Qing Yan, Xiang-Tian Kong, Yong-
sheng Chen, Zhi-Bo Liu, and Jian-Guo Tian, "Sign of differential reflection and
transmission in pump-probe spectroscopy of graphene on dielectric substrate, "
Photon. Res. 3, A1-A9 (2015)
[51] J. Phys. Chem. Lett. 2019, 10, 10, 2341-2348 Publication Date:April 19, 2019
https://doi.org/10.1021/acs.jpclett.9b00992
[52] B. Lax and D. R. Cohn, "Interaction of Intense Submillimeter Ra-
diation with Plasmas, " in IEEE Transactions on Microwave The-
ory and Techniques, vol. 22, no. 12, pp. 1049-1052, Dec. 1974. doi:
10.1109/TMTT.1974.1128426 keywords: Plasma measurements;Gas
lasers;Plasma diagnostics;Plasma temperature;Power lasers;Solid lasers;Electric
breakdown;Resonance;Conductivity measurement;Thermal conductivity, URL:
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1128426&isnumber=25010
[53] Ultrafast Phenomena XVI, P. Corkum, S. DeSilvestri, K. Nelson, and E. Reidle,
eds. (Springer-Verlag, 2009) pp. 660-662.
99
“ThesisBence” — 2021/5/3 — 10:32 — page 100 — #108
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
5 FEL-based THz pump-probe experiment on p-doped germanium
100
“ThesisBence” — 2021/5/3 — 10:32 — page 101 — #109
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
CHAPTER 6
Comprehensive study of a single-ion eect in KEr(MoO4)2
Abstract
i The investigation of magnetostrictive properties of ferro- and antiferro-
magnetic compounds helps the fundamental understanding of magnetism
and superconductivity and plays an important role in realising technologi-
cal applications. In paramagnets, however, the magnetostriction is usually
significantly smaller, because of the magnetic disorder. Here, we report the
observation of a remarkably strong magnetostrictive response of the param-
agnet KEr(MoO4)2 around 15.6 T. Using low-temperature magnetisation,
dilatometry and THz spectroscopy measurements in magnetic fields up to
30 T, in combination with ab initio calculations, employing a quasi-atomic
treatment of many-body effects, we demonstrate that the magnetostriction
anomaly is driven by a single-ion effect. Our analysis reveals a strong
coupling between the Er3+ ions and the crystal lattice, due to the peculiar
behaviour of the quadrupolar moments of Er3+ ions in the applied field,
shedding light on the microscopic mechanism behind the massive lattice
response.
iPart of this work has been adapted from: B. Bernáth et al., "Massive magnetostriction of paramagnetic
KEr(MoO4)2 via a single-ion effect", to be published.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
6.1 Introduction
Magnetostriction relates to a lattice deformation of a crystalline solid induced by an
applied magnetic field, and is found to be very strong in elementary rare earth crys-
tals and their alloys, particularly in magnetically ordered compounds such as ferro-
and antiferromagnets.1–3 The fundamental understanding of magnetostrictive effects
boosted the technological application of these materials; from magnetic shielding to
actuators, rare-earth compounds are widely used.4–7 Furthermore, magnetostriction
experiments revealed an interesting interplay between superconductivity and mag-
netism in borocarbides.8, 9 Despite the robust understanding of magnetostriction in
ordered rare-earth compounds, and the growing interest towards rare-earth based param-
agnets that show magnetocaloric10 and magnetoelectric11 effects, we know much
less about their magnetostrictive response.12–16
While the magnetostrictive behavior in magnetically ordered compounds can be ex-
plained by collective phenomena,1–3 in elementary rare earth compounds and their
alloys, the contribution of a single-ion spin orbit mechanism plays a key role.5, 17 The
single-ion effect or mechanism refers to the complex interaction of magnetic 4 f -ions
with the surrounding crystal lattice, irrespective of exchange interaction or correla-
tion effects.18 However, the bare single-ion effect is notoriously difficult to study. In
magnetic materials, it is often obscured by collective phenomena due to the onset of
magnetic ordering induced by interactions between ions. Even in compounds where
magnetic interactions are frustrated, and the ordering temperature is suppressed down
to a few Kelvin, the inter-ion correlations remain significant.19 In some rare-earth based
magnetic insulators, the inter-ion exchange interaction can be suppressed markedly
due to strong localisation of the f -orbitals.20 As a result, these compounds remain in
the paramagnetic phase down to sub-Kelvin temperatures, where the single-ion effect
emerges. A good example is the family of the rare-earth paramagnetic compounds
KRe(MoO4)2 (Re is an rare-earth element). In these systems, the dipole-dipole in-
teraction of about 1 K is the largest interaction between the Re3+ ions and magnetic
order appears only below 1 K.21–23 Here we focus on KEr(MoO4)2, which exhibits no
magnetic order above 0.95 K.23 The crystal structure of rare-earth based insulators,
such as KEr(MoO4)2, is defined by an equilibrium between the elastic energy of the
crystal lattice and the ground state mutiplet energy of the magnetic ions, here Er3+.24
In KEr(MoO4)2, the local environment with C2 symmetry generates an effective crys-
tal electric field (CEF) on the Er3+ sites and lifts the degeneracy of the lowest Er3+
multiplet 4I15/2. This multiplet then splits into 8 Kramers doublets25, 26 and stabilizes
an orthorhombic crystal structure with a D142h space group.
27 In anisotropic Re-based
materials the effective g-factor can be as large as g = 10, corresponding to an elec-
tronic level shift of 5 cm−1 per Tesla. This shift is very significant, especially when
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6.2 Experiments on KEr(MoO4)2
the CEF splitting between the lowest levels of the 4I15/2 multiplet is below 50 cm−1.
Such a small energy scale enables the manipulation of the single-ion energy spectrum
(e.g. field-induced level crossing) by applying the high, but still accessible magnetic
field. KEr(MoO4)2 offers a great opportunity to study the magnetic field induced
single-ion effect. An externally applied magnetic field splits the Kramers doublets
and shifts the balance between the elastic and electronic energies. In KEr(MoO4)2,
the magnetoelastic coupling is found to be so strong that a structural phase transition
occurs in a magnetic field of only µ0H = 4 T applied along the a-axis.28 The other
orientations have not been studied before in great detail.
Here, we investigate the single-ion effect on the crystal lattice of KEr(MoO4)2 in
magnetic fields up to 30 T. We apply the field along the b-axis (the magnetic hard
direction29) and probe the response of the Er3+ ions and the lattice subsystems sep-
arately by magnetometry and dilatometry, respectively. We study the coupling be-
tween the Er3+ ions and the crystal lattice by means of terahertz spectroscopy and
ab initio calculations to investigate the microscopic mechanism of the observed lat-
tice deformation. Our results indicate that the massive lattice deformation is due to
the single-ion effect. The theory explains this mechanism with the magnetic field
response of the magnetic quadrupolar moment of the Er3+ ion.
6.2 Experiments on KEr(MoO4)2
6.2.1 Experimental methods
We performed measurements in order to explore the structural changes of KEr(MoO4)2
in the magnetic field. We used a high-resolution capacitance dilatometer for the magne-
tostriction experiment.34 The size of the sample was 4 x 4 x 0.062 mm3. We obtained
the parallel magnetization curve with a vibrating sample magnetometer (VSM).32
Here, the mass of the sample was 6.2 mg. Using literature data of low field mag-
netization,35 we scaled the curve obtained by the VSM to get the physical µB/Er3+
unit. In order to obtain the perpendicular magnetization, torque measurements were
performed on a 0.500 x 0.516 x 0.062 mm3 sample, using a piezocantilever33 such
that the crystallographic a direction was parallel to the longest side of the cantilever.
Dividing the torque curve by the magnetic field strength, we obtained the perpendic-
ular magnetization in arbitrary units. We assumed that the saturation of the absolute
value of the magnetization is at 18.5 T and using the VSM result, we rescaled the
perpendicular magnetization curve accordingly to get absolute values. The THz opti-
cal studies were performed by two setups in the Faraday geometry; a Bruker ifs113v
FT spectrometer60 and a free-electron laser based spectrometer, which combines the
Free-Electron Laser FLARE and a 33 T Florida-Bitter magnet.37 In every experiment,
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
the magnetic field and the b-axis of the crystal were parallel to the shortest side of the
sample. For the FEL experiments, we have used two different settings of FLARE and
also two different cryogenic environments. Power dependent studies were obtained
using an insert with He exchange gas, whereas the low power spectroscopic studies
employed a cold finger type–sample in a vacuum cryostat.
6.2.2 Magnetization and magnetostriction measurements
Figure 6.1: (a) Crystallographic structure of KEr(MoO4)2. (b) Local environment of the Er3+
ions (blue spheres).
The single crystal samples were cleaved from the same bulk KEr(MoO4)2 crystal
grown at ILTPE (Kharkiv, Ukraine). Figure 6.1 displays the crystallographic structure
of KEr(MoO4)2 and the local environment of the Er3+ ions: an oxygen polyhedron
with C2 symmetry axis along the b-direction. The magnetisation of KEr(MoO4)2
is dictated by Er3+ since these are the only magnetic ions in the compound. The






≈ 0.7 K, where Edd is the energy of the dipole-dipole interaction, kB is
the Boltzmann constant, µ0 is the permeability of vacuum, µEr3+ is the magnetic moment
of an Er3+ ion (8.4 µB), and r = 3.95 Å is the shortest distance between the erbium
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6.2 Experiments on KEr(MoO4)2
ions.21 In this study, the lowest experimental temperature is 1.3 K; therefore, we can
neglect the effect of the dipole-dipole interaction. Figure 6.2 (a) shows the magnetisation
at 1.3 K and H ‖ b. The dashed curve is the parallel component of the magnetisation, M‖,
measured by the VSM.32 The perpendicular component, Mperp, was measured with the
torque magnetometer33 and is shown in the Figure 6.2 (a) as a dotted line. These data
allow us to reconstruct the total magnetisation, Mtot. (solid curve), and its orientation
with respect to the crystallographic axes (grey curve). The magnetisation increases
gradually at low fields due to the Zeeman splitting of the ground state. Between 13 and
17 T, the magnetisation rapidly increases, almost in a step-like manner, with saturation at
around 20 T. The magnetisation vector lies in the bc-plane between the crystallographic










































Figure 6.2: Magnetisation and magnetostriction measurements. (a) Magnetisation of
KEr(MoO4)2 (solid line) and its parallel (dashed) and perpendicular (dotted) components.
Measurements have been performed with the magnetic field applied along the b-axis at 1.3 K.
Grey solid line shows the orientation of the magnetisation in the bc-plane (right scale). 0◦
corresponds to Mtot. ‖ b. (b) Magnetoelastic strain at 2.9, 4.2, 10.0 and 20.0 K. εbb = ∆l/l,
where ∆l = l(µ0H,T )− l(0,T ). The bb subscript indicates that the field was applied along the
b-axis and the strain has been also measured in this direction. The vertical dashed line locates
the critical field, µ0Hc.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
Figure 6.2 (b) shows the magnetostrcition curves taken at 2.9, 4.2, 10.0 and 20.0 K, with
H ‖ b. The magnetostriction is expressed by relative units of the magnetoelastic strain,
εbb = ∆l/l where l is the initial sample length at 0 T and ∆l = l(µ0H,T )− l(0,T )) mea-
sured along the applied field. The bb subscript indicates that the field was applied along
the b-axis and the strain was also measured in this direction. At T = 2.9 K, KEr(MoO4)2
exhibits a large magnetostriction below 10 T with εbb ∼ 4 ·10−4. Interestingly, such a
strong magnetostriction is usually observed in metallic antiferromagnets, e.g. ErNi2B2C,
NdB6 or ErGa2.17 Rare-earth paramagnets containing oxygen such as Tm3Ga5O12 or
Yb3Al5O12 show at least one order of magnitude smaller magnetostriction.13
For 13 T ≤ µ0H ≤ 17 T, the magnetisation and magnetostriction exhibit anomalies
caused by the magnetic-field-induced modification of the Er3+ electronic levels.26
Similar effects have been reported previously in HoVO4 and TbVO4.14, 15 The mag-
netic field modifies the electron density on the unfilled shell (4 f of the Er3+ ion in
KEr(MoO4)2) and the nearby ions move to their new equilibrium position.16 When
the magnetic field exceeds 12 T, the sample shrinks with an exceptionally high sensi-
tivity to the strength of the applied field. The vertical dashed line in Fig. 6.2 shows
the critical field µ0Hc where the lowest electronic level of Er3+ undergoes the mod-
ification, as is confirmed by the THz experiments.
6.2.3 THz spectroscopy
We investigate the configuration and magnetic field behavior of the 4I15/2 multiplet of
Er3+ using THz spectroscopy. The frequency resolved transmission spectra between
0.3 and 2.4 THz (10 - 80 cm−1) were measured using radiation polarized along the
a-axis (Eω ‖ a). Fig. 6.3 (a) shows a typical spectrum with three absorption peaks
with zero-field energies of 13.0, 31.5, and 74.0 cm−1 (0.39, 0.94, and 2.22 THz,
respectively) labeled A, B, and C. They are related to electronic transitions within the
4I15/2 multiplet.26, 36 The mode S at 17.0 cm−1 (0.51 THz) belongs to a phonon, which
originates from a sheared lattice vibration of the [Er(MoO4)2]− layers.36
Fig. 6.3 (d) summarizes the FTIR and free-electron laser spectroscopy study that
we have performed in applied fields up to 30 T for H || b, showing the energies of
all observed transitions. Because of the low temperature used (1.3 K, equivalent to
0.9 cm−1 < < 13 cm−1 of mode B) these transitions originate from the lowest branch
of the ground state doublet. The square full symbols correspond to the electronic
transitions while the open symbols refer to the phonon36 mode S. In low magnetic
fields, there is a significant splitting of mode B, which was first discussed in Ref.26 The
gap between the ground state (inset of Fig. 6.3 (b) and the lowest line of Fig. 6.3 (d))
and mode B is large at low fields, but as the field grows, the gap closes. To discover
the magnetic field region where the final state of the B transition comes close to the
ground state, we employed a field-resolved magneto-transmission spectroscopy setup.37
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6.2 Experiments on KEr(MoO4)2
Figure 6.3: THz spectra of KEr(MoO4)2. (a) FTIR transmission spectrum measured at 1.3 K
at µ0H = 0 T. The electronic transitions are indicated by A, B and C. Mode S is a phonon
excitation. (b) Magneto-transmission spectra measured at 1.3 K using monochromatic radiation
of 8.6 and 5.7 cm−1, H ‖ b. The dotted lines are defined by the position of the resonances
and show the extrapolation to the critical field. The transition between the lowest doublet is
marked by G. The inset illustrates the magnetic field behaviour of the lowest electronic levels
of Er3+. The magneto-transmission spectra are vertically offset so that the 0 T values match
the frequency of the light. (c) Power dependent magneto-transmission spectra measured at
1.3 K using monochromatic radiation of (a) 9.8 and (b) 64.9 cm−1, H || b. The blue and the
red curves indicate the low and high peak powers of the micropulse. Every curve is normalized
to its mean value in order to make reasonable overlap between the different powers. The
vertical offset is two for better visibility. (d) Frequency-field diagram of the excitations in
KEr(MoO4)2. The squares correspond to results obtained by FTIR spectroscopy, triangular
points by magneto-transmission measurements. Open symbols are phonon frequencies. The
grey area indicates the electron-phonon hybridized state. The grey dashed lines are guides for
the eye.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
Spectra at 5.7 and 8.6 cm−1 (0.17 and 0.26 THz) are shown in Fig. 6.3 (b). In both
spectra, three modes, G, B and B∗ are present. The mode G corresponds to the transition
between the levels of the lowest Kramers doublet (inset of Fig. 6.3 (b)). The mode
B is a low energy branch of the 31.5 cm−1 transition shown in Fig. 6.3 (a), and the
mode B∗ appears at fields above µ0Hc. By extrapolation of the field positions of the B
and the B∗ modes to low energies (dashed lines in Fig. 6.3 (b), and the red and green
triangles in Fig. 6.3 (d)), we found a critical field of µ0Hc = 15.6 T which agrees with
the magnetisation and magnetostriction results (see the vertical dashed line in Fig. 6.2).
Thus, the zero-field gap of 31.5 cm−1 between the ground state and the mode B almost
closes at the critical field µ0Hc = 15.6 T, leading to the modification of the ground
state wave-function. Since the interactions between the magnetic ions are below 1 K,
we attribute the 15.6 T anomalies in magnetisation and magnetostriction (Fig. 6.2)
to the crossover of the Er3+ electronic levels, which modifies the ground state wave-
function and leads to the abrupt change of the Er3+ magnetic moment. Due to the strong
magnetoelastic coupling, the applied magnetic field modifies the lattice via interaction
with the Er3+ ions.
The theoretical description of the results in Fig. 6.3 (d) is rather challenging because
not only the zero-field CEF splitting of the 4I15/2 multiplet has to be taken into account,
but also the electron-phonon interaction, magnetoelastic coupling and the interactions
between the electronic levels. These interactions lead to a peculiar condition that
we address as an electron-phonon hybridized state (the grey area on Fig. 6.3 (d)).
A noticeable feature of this state is the large splitting of mode B while all the other
electronic transitions split such that the upper branches go much steeper up than the
lower branches. This is very curious because the ground state doublet also splits in
field, which would imply that all the higher modes should behave similarly in low fields.
In addition, there are more infrared active phonons in this frequency range, which
complicates the overall picture: at 85 (Eω ‖ a), 26 and 107 cm−1 (Eω ‖ c).36
Extended THz study of KEr(MoO4)2
Previous studies showed that an external magnetic field could induce a Jahn-Teller type
phase transition due to a crossover of the electron levels of Er3+. At the crossover field
(3.85 T when H || a), the sample was pumped by different levels of microwave power
at 18.7 GHz, which then revealed a series of non-equilibrium phase transitions in the
electron paramagnetic resonance spectra.30, 31 It is believed that these phase transitions
possess a chaotic nature and can be explained by the Feigenbaum38 universal scenario.
Based on these previous studies, we believed that also pumping this system with a
broad range of intensity and frequency at the crossover field could reveal more insight
into the origins of the chaotic behaviour of this material. Unfortunately, the system
has not yet shown any sign of non-linear behaviour in the transmission spectra in this
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6.3 Theory and ab initio calculation
region of the field-frequency diagram. Fig. 6.3 (c) shows the transmission spectra
obtained at different radiation powers generated by FLARE. Fig. 6.3 (c) demonstrates
that the different powers do not induce a change in the spectra up to 30 T. The different
noise level at the different frequencies is mostly due to the amplitude noise of FLARE,
which depends on the settings of the free-electron laser.
6.3 Theory and ab initio calculation
iiFor the phenomenological description of the magnetostriction in KEr(MoO4)2, we
use the Hamiltonian:
H = HZ +HE +HME +HCEF , (6.1)
where HZ , HE , HME and HCEF are the Zeeman, elastic, magnetoelastic and CEF
terms. The Zeeman term reads:
HZ = µBµ0H(L+2S), (6.2)
where µB is the Bohr magneton, H is the magnetic field strength, L and S are the




Ci jεiε j, (6.3)
where εi( j) are the strain tensor components (in Voigt notation), Ci j are elastic con-
stants, and V0 is the volume per formula unit. Only the elastic constants C11, C22,
C33, C12, C13, C23, C44, C55, and C66 can be non-zero in an orthorhombic crystal.40 In
case of orthorombic crystal symmetry, using the lowest order of the 4 f -ion angular
momentum operator, the coupling between the Er3+ ions and the crystal lattice, is
described via the magnetoelastic Hamiltonian:14, 42, 43











iiThe theoretical work described in this section was developed by Leonid V. Pourovskii and Sergii
Khmelevskyi.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
where Qα is the projection α of the quadrupole momentum operator, and B
µ
jm are
the magnetoelastic coefficients. The local frame is x ‖ b, y ‖ c, and the quantization
axis z ‖ a. Note that the magnetic moments of the 4 f ions, which are proportional
to the angular momentum expectation values, appear only in the Zeeman term. In
contrast, magnetoelastic interactions only depend on the even powers of the magnetic
moment or angular momentum operators. The CEF splitting of electronic levels is









k〈rk〉 are CEF parameters, Θk are Stevens factors for k =2, 4, 6. In
HCEF the A
q
k〈rk〉 constants are usually determined by fitting the experimental data.
However, in KEr(MoO4)2, the low site symmetry (C2) of the Er3+ ions leads to 15
CEF parameters in HCEF ,45 which cause some difficulties. A large number of free
parameters and a strong lattice distortion that significantly changes the CEF, makes
fitting of the Aqk〈rk〉 constants practically not feasible. Therefore, we have chosen a
different approach to explain our experimental observations.
6.3.1 Computational Methodology
Our charge self-consistent density functional and dynamical mean-field theory
(DFT+DMFT)46, 47 calculations in conjunction with the quasi-atomic Hubbard-I (HI)48
approximation of the local correlations of the 4 f electrons of the Er atom, abbreviated
below as DFT+HI, were carried out for the room temperature orthorhombic structure of
KEr(MoO4)2 with the lattice parameters a = 5.063 Å, b = 18.23 Å, and c = 7.915 Å.
The corresponding volume per formula unit is V0 = 182.636 Å3.We employed the
Wien-2k full-potential code49 in conjunction with "TRIQS" library implementations
for the DMFT cycle,50, 51 and HI. The spin-orbit coupling was included in Wien2k
within the standard second-variation treatment. The Brillouin zone (BZ) integration
was carried out using 60 k-points in the full BZ and the local density approximation
(LDA) was employed as a DFT exchange-correlation potential. The Wannier orbitals
representing the Er 4 f states were constructed by the projective technique of Ref.52, 53
using the Kohn-Sham bands enclosed by the energy window [-2.72:1.36] eV around the
Kohn-Sham Fermi energy; this window thus encloses all Er 4 f -like bands. The on-site
Coulomb interaction between Er 4 f was specified by the Slater parameter F0 = 7 eV and
the Hund’s rule coupling JH = 1.01 eV. The double-counting correction was computed
using the fully localized limit (FLL)54 with the atomic occupancy of the Er f 11 shell.55
The DFT+DMFT charge self-consistency was implemented as described in Ref.56
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6.3 Theory and ab initio calculation
In our self-consistent DFT+HI calculations, we employed the spherical averaging
of the Er 4 f charge density, following the approach of Delange et al.57 in order to
suppress the contribution of LDA self-interaction error to the crystal field; this approach
was previously shown to be reliable for quantitative evaluation of CF splitting on 4 f
ions.57, 58 The DFT+HI calculations were converged to 0.1 mRy in the total energy.
6.3.2 Crystal electric field splittings and quadrupolar moments
The self-consistent DFT+HI calculations predict that the CEF splits the 4I15/2 atomic
multiplet to have the lowest energy, in agreement with Hund’s rules for a 4 f shell:
the calculated spin-orbit coupling λ = 0.27 eV. The calcualted CEF splitting of the
4I15/2 multiplet is shown in Table 6.1. The obtained zero-field splitting energies of
Table 6.1: Measured and calculated energies of the splitting of the 4I15/2 multiplet relative to
the ground state at µ0H = 0 T. 1Measurements from this work, 2data from Ref.[6], *data to be
confirmed.25 The corresponding wavefunctions are shown in Table 6.3.
Measured (cm−1) 131,2 31.51 741 1722 2492 3102 *3152
Calculated (cm−1) 13 27 61 187 264 361 370
Fig. 6.3a labelling A B C n.a. n.a. n.a. n.a.
the 4I15/2 multiplet are in a remarkable agreement with the spectroscopy results. The
CEF parameters at zero magnetic field are listed in Table 6.2.
Our ab initio calculation provides the field dependence of the magnetic quadrupolar
moment operator Q of the Er3+ ions involved in the ion-lattice coupling. Thus, it is
possible to understand the observed peculiar high-field behaviour of magnetostriction by
finding the equilibrium among the different interactions. We consider the total energy
as a function of the elastic strain and the 〈Qα〉H, which is the expectation value of the
projection α of the quadrupolar moment operator Q at magnetic field H. Due to the low
point-group symmetry, the Er quadrupolar moments in KEr(MoO4)2 are non-zero even
at µ0H = 0 T; the magnetostriction is thus induced by the modification of the quadrupo-
lar moments with respect to their zero-field value, ∆〈Qα〉= 〈Qα〉H−〈Qα〉H=0. Taking





The first and the second terms are the magnetoelastic contributions and the last term
is the elastic one, Cbb is the corresponding elastic constant (based on Eq. 6.3, Cbb
represents Cxx). The +... stands for other elastic and magnetoelastic terms. A first-
principle evaluation of the magnetoelastic constants Bi j for the KEr(MoO4)2 system
(48 atoms/unit cell) is not feasible at present since it would require high-precision
total-energy DFT+DMFT calculations for multiple very large and distorted cells, which
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
is beyond the current state of the art. For the following semi-quantitative analysis,
the contribution of the perpendicular terms to the total energy is neglected, allowing








to fit an experimental magnetostriction
curve. This approximation is justified by noting that the elastic constant Cbb for the
hard b-direction is much larger than the perpendicular directions.39 From the condition
of stability of an orthorhombic crystal,40 C2i j < CiiC j j, one thus infers that the off-
diagonal elastic constants Cab and Cbc are significantly smaller than Cbb. Neglecting
those off-diagonal contributions results in decoupling of the terms involving εbb from
the rest, leading to the approximation mentioned above. We adopt below the simplified
notation K ≡V0Cbb for the only relevant elastic constant. The equilibrium value of εbb
at given values of the quadrupolars 〈Q3z2〉 and 〈Qx2−y2〉 is obtained by minimisation
of Eq. 6.6, ∂Etot
∂εbb





The quadrupolar moment operators Q3z2 and Qx2−y2 are defined as
Q3z2 = 2J
2
z − J2x − J2y (6.8)
Qx2−y2 = J
2
x − J2y , (6.9)
where Jx,y,z are the components of the total angular momentum operator. The calculated
field dependence of Qα is shown in Figure 6.4. The two projections show different
behaviours. Whereas the Qx2−y2 component monotonously increases with field and
shows a zero-crossing at a field of about 9 T, the Q3z2 component first decreases down
to 10 T, and then increases toward the initial value, reaching saturation at around 20 T.
One can understand the experimental behavior of the strain (Figure 6.2 (b)) at low
temperature assuming that B110 and B
1
11 are both positive, and B
1
10 is a few times larger
than B111. Then, the increase of the expectation value of the Qx2−y2 quadrupolar leads
to a contraction, whereas the decrease of the expectation value of Q3z2 results in an
expansion along the b-axis. In low fields the b-axis steadily expands since B110 >B
1
11, but
at around 10 T the steady growth is replaced by a very fast contraction with increasing
applied field, since the Q3z2 quadrupolar starts increasing. This explains the shape of
the experimental curve (steady elongation followed by sharp contraction) in Figure
6.2 (b) at low temperature, and the saturation above 20 T. To illustrate this, we have





= 0.02 and B
1
10
K = 0.0000585), to compare the theory (Eq. 6.7) with the
experiment. Our estimates for the magnetoelastic constants ( B
1
10
K = 0.0000585, which
with measured Cbb of about 40 GPa39 corresponds to B110/αJ ≈ 1.1 ·104 Kelvin, where
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6.3 Theory and ab initio calculation
Medium field
Figure 6.4: Results of the ab-initio calculations. Quadrupolar moments calculated at 2.9 K with
the magnetic field along the b-axis. The values of Q3z2 and Qx2−y2 quadrupolar moments are
shown by empty and filled triangles, respectively. The insets are the visualisation of the total
quadrupolar moments rotation in magnetic field. They show the absolute-value isosurfaces of
the calculated quadrupolar moment and the negative (positive) sign is indicated by blue (red)
color.
αJ ≡ Θ2 is the Stevens factor) are in good agreement with measured values of the
order 104 Kelvin reported for similar rare-earth-based oxides.41 The comparison is
presented in Fig. 6.5. Taking into account the approximation we made, the agreement
is quite fair. Thus, from the ab initio calculated quadrupolar moments one can
qualitatively understand the behaviour of the strain in applied magnetic field, and even
quantitatively predict the field range at which elongation turns into contraction. A
more refined numerical theory of the effect would, however, require a consideration of
the full magnetoelastic and elastic Hamiltonians with a whole set of unknown elastic
and magnetoelastic constants from Eq. 6.3-6.5. In addition, one needs to account for
possible corrections to the linear theory due to high-field-induced changes in the local
symmetry of the Er3+ ion environment, which are currently unknown.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
Figure 6.5: Comparison between the theory and experiment. The blue curve is the measured
magnetostrictive strain at 2.9 K (the same curve is shown in Fig. 6.2). The black curve is the
calculated magnetostrictive strain. The inset shows the ∆〈Q3z2〉 and ∆〈Qx2−y2〉 values.
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6.3 Theory and ab initio calculation
6.3.3 The calculated CEF parameters and the wave-functions at 0 T
Table 6.2: Calculated CEF parameters of Er3+ in KEr(MoO4)2 . The parameters are given in
cm−1. The local frame is x||b, y||c, and the quantization axis z||a. The listed CEFPs are for
the Er sites with the fractional coordinate along a equal to xc = 1/4; the corresponding CFPs





A02〈r2〉 A22〈r2〉 A04〈r4〉 A24〈r4〉 A44〈r4〉 A06〈r6〉 A26〈r6〉 A46〈r6〉 A66〈r6〉
243 133-153i -35 -723+140i -558-84i -38 -232-45i 52-14i -270+14i
From the resulting ab initio 4 f level-position matrix we extracted the CEF parame-
ters (CEFPs). Note that the inter-multiplet mixing is fully taken into account in our
approach, however, the admixture of excited multiplets to the ground-state-multiplet
CEF wavefunctions comes out to be negligible. We also note that in the unit cell, the
local frame of erbium sites with a c-axis coordinate of 1/4 and 3/4, respectively, is
rotated by π about the a axis with respect to each other. The corresponding CEFPs
and wave functions are thus the complex conjugates of each other. Thus, the CEF
Hamiltonian can be expressed in the Stevens operator45 form (Eq. 6.5). The calculated
CEFPs listed in Table 6.2. The low symmetry of Er sites in KEr(MoO4)2 leads to
all CEFPs for even k ≤ 6 and |q| ≤ k taking non-zero values; the complex values of
CEFPs are due to the absence of inversion symmetry. By diagonalizing the ab ini-
tio CEF Hamiltonian (Eq. 6.5) we evaluated the Er CEF eigenvalues and eigenstates
that are listed in Table 6.3. We obtain an exceptionally good quantitative agreement
of the ab initio CEF levels with the experimental ones.
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6 Comprehensive study of a single-ion effect in KEr(MoO4)2
Table 6.3: Calculated and measured CEF levels of Er3+. First and second column: measured
and calculated CEF energies relative to the ground state (in cm−1), respectively. The calcu-
lated CEF wavefunctions are listed in the third column, in the same frame and for the same
representative Er site as the CEF parameters in Table 6.2. The CEF-split ground state multiplet
of Er f 11 in KEr(MoO4)2 consists of eight Kramers doublets. These states are written as the
expansion ∑aM|M〉 in pure angular momentum eigenstates |M〉 ≡ |J = 15/2;M〉 of the Er f 11
ground-state multiplet 4I15/2; the contribution of excited multiplets to those level is found to be
negligible. All contributions with |a(J,M)|2 > 0.005 are shown. We show one state ∑aM|M〉
per each doublet; its Kramers partner is given by ∑a∗M|−M〉. 1Measurements from this work,
2data from Ref.[1], *data to be confirmed.25
Exp. Calc. Calculated wavefunction




31.51 27 0.52|+5/2〉+(0.47+0.04i)|−3/2〉− (0.38+0.24i)|−7/2〉− (0.41+0.13i)|+1/2〉
−(0.24−0.02i)|+9/2〉− (0.11−0.16i)|−15/2〉− (0.02−0.11i)|−11/2〉− (0.10+0.03i)|+13/2〉
741 61 0.69|−9/2〉+(0.45−0.04i)|+3/2〉− (0.30−0.01i)|+15/2〉+0.27|−5/2〉
+0.24|−13/2〉+(0.21−0.03i)|+7/2〉+0.18|+11/2〉+(0.13+0.05i)|−1/2〉
1722 187 0.62|−1/2〉+(0.15−0.41i)|+3/2〉− (0.27−0.24i)|−9/2〉− (0.22+0.26i)|+7/2〉
−(0.15+0.31i)|−5/2〉− (0.16−0.08i)|+15/2〉− (0.04−0.17i)|−13/2〉
2492 264 0.54|−1/2〉+(0.06+0.52i)|+3/2〉+(0.14−0.37i)|−5/2〉− (0.20−0.27i)|+7/2〉
−(0.16+0.18i)|−9/2〉− (0.05−0.23i)|−13/2〉− (0.17+0.06i)|+15/2〉+0.12|+11/2〉
3102 361 0.74|−11/2〉− (0.51+0.02i)|−15/2〉− (0.25+0.26i)|+13/2〉+0.17|+1/2〉
+(0.14+0.08i)|+9/2〉− (0.09−0.03i)|−3/2〉
*3152 370 0.84|−13/2〉− (0.31−0.01i)|−9/2〉− (0.22+0.20i)|+11/2〉− (0.16+0.13i)|+15/2〉
−(0.16+0.10i)|−1/2〉− (0.13−0.04i)|−5/2〉− (0.11−0.06i)|+3/2〉
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6.4 Conclusions
6.4 Conclusions
We demonstrate that in the disordered paramagnetic state of KEr(MoO4)2 the single-ion
effect becomes essential, especially at temperatures when mostly the ground state is
populated (below 20 K). Through a variety of experimental techniques and state of
the art first-principles many-body theory calculations, we have been able to show on
a microscopic level how the magnetic field – via the reconstruction of the ground
state wave-function – induces a lattice distortion in KEr(MoO4)2. We believe that
this result promotes the understanding of magnetically disordered systems, and of-
fers a different approach to investigate these peculiar materials. The extremely high
sensitivity to the magnetic field variation in the vicinity of the critical field µ0Hc
shown in the magnetostriction experiments may be applied in sensors or actuators
in cryogenic and magnetic technologies.
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[23] Orendáčová, A. et al. Monte Carlo studies of the magnetic phase diagram of
KEr(MoO4)2 : A dipolar magnet with strong tetragonal distortion. Phys. Rev. B
65, 014420 (2001).
[24] Gehring, G. A. & Gehring, K. A. Co-operative Jahn-Teller effects. Rep. Prog.
Phys. 38, 1–89 (1975).
[25] G. A. Bogomolova, A. A. Kaminskii, P. V. Klevtsov, A. B. Kuznetsov, L. Li, A.
A. Pavlyuk, Spectroscopy study of single crystals KY(MoO4)2 activated by Er3+,
Optica i spectroskopija 31, 259 (1971).
[26] Kutko V. I., Kharchenko Yu. N., Stepanov A. A. and Nesterenko N. M. Magneto-
optical study of KEr(MoO4)2 in long-wave IR region. Low Temp. Phys. 20, 288
(1994) [Fiz. Nizk. Temp. 20, 361 (1994)].
[27] Wanklyn, B. M. & Wondre, F. R. Flux growth of crystals of RKMo2O8, R2MoO6
and R6MoO12 in the systems R2O3-K2O-MoO3. Journal of Crystal Growth 43,
93–100 (1978).
119
“ThesisBence” — 2021/5/3 — 10:32 — page 120 — #128
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[28] Kutko, V. I., Pashchenko, V. A. & Kobets, M. I. Cooperative Jahn-Teller effect
induced in ferroelastic KEr(MoO4)2 by an external magnetic field. Low Temp.
Phys. 19, 962 (1993) [Fiz. Nizk. Temp. 19, 1354 (1993)].
[29] Khatsko, E. N., Chernyj, A. S. & Kaplienko, A. I. Magnetic properties of low-
dimensional Ising magnetic material KEr(MoO4)2. Low Temp. Phys. 19, 864
(1993) [Fiz. Nizk. Temp. 19, 1217 (1993)].
[30] Kut’ko, Vladimir I., and Michail I. Kobets. Magnetic field and microwave radia-
tion induced phase transitions in anisotropic Jahn-Teller elastic KEr (MoO 4) 2.
Czechoslovak Journal of Physics 46.5 (1996): 2555-2556
[31] Kut’ko, V. I. Dynamics of layered Jahn–Teller crystals of rare-earth compounds.
Low temperature physics 31.1 (2005): 1-31.
[32] Sazonov, A. et al. Magnetic structure of the magnetoelectric material Ca2CoSi2O7.
Phys. Rev. B 95, 174431 (2017).
[33] Kwan, Y. H. et al. Quantum oscillations probe the Fermi surface topology of the
nodal-line semimetal CaAgAs. Phys. Rev. Research 2, 012055 (2020).
[34] Küchler, R., Bauer, T., Brando, M. & Steglich, F. A compact and miniaturized
high resolution capacitance dilatometer for measuring thermal expansion and
magnetostriction. Review of Scientific Instruments 83, 095102 (2012).
[35] Mat’aš, S. et al. Neutron diffraction study on the two-dimensional Ising system
KEr(MoO4)2. Phys. Rev. B 82, 184427 (2010).
[36] Poperezhai, S. et al. Terahertz lattice dynamics of the potassium rare-earth binary
molybdates. J. Phys.: Condens. Matter 29, 095402 (2017).
[37] Ozerov, M. et al. A THz spectrometer combining the free electron laser FLARE
with 33 T magnetic fields. Appl. Phys. Lett. 110, 094106 (2017).
[38] Mitchell J. Feigenbaum, Universal Behavior in Nonlinear Systems, Los Alamos
Science 1, 4 (1980)
[39] Zvyagina, G. A. & Zvyagin, A. A. Direct observation of a manifestation of mag-
netoelastic coupling in a low-dimensional virtual ferroelastic. Low Temperature
Physics 26, 354–362 (2000) [Fiz. Nizk. Temp. 26, 482-493 (2000)].
[40] Mouhat, F. & Coudrt, F., J. Necessary and sufficient elastic stability conditions in
various crystal systems. Phys. Rev. B 90, 224104 (2014).
120
“ThesisBence” — 2021/5/3 — 10:32 — page 121 — #129
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[41] Morin P. & Kazei Z. Magnetoelastic interactions in the series of rare-earth phos-
phates RPO4 (R = Tb-Tm). J. Phys.: Condens. Matter 11, 1289 (1999).
[42] Kadomtseva, A. M., Krynetsky, I. B., Kuz’min, M. D. & Zvezdin, A. K. Magne-
tostriction of paramagnetic rare earth orthoaluminates. Journal of Magnetism and
Magnetic Materials 81, 196–208 (1989).
[43] Morin, P., Rouchy, J. & du Tremolet de Lacheisserie, E. Magnetoelastic properties
of R Zn equiatomic compounds. Phys. Rev. B 16, 3182–3193 (1977).
[44] Abragam, A. & Bleaney, B. Electron Paramagnetic Resonance of Transition Ions.
(Oxford University Press, 2012).
[45] Stevens, K. W. H. Matrix Elements and Operator Equivalents Connected with the
Magnetic Properties of Rare Earth Ions. Proc. Phys. Soc. A 65, 209–215 (1952).
[46] Georges, A., Kotliar, G., Krauth, W. & Rozenberg, M. J. Dynamical mean-field
theory of strongly correlated fermion systems and the limit of infinite dimensions.
Rev. Mod. Phys. 68, 13–125 (1996).
[47] Anisimov, V. I., Poteryaev, A. I., Korotin, M. A., Anokhin, A. O.& Kotliar, G.
First-principles calculations of the electronic structure and spectra of strongly
correlated systems: dynamical mean-field theory. J. Phys.: Condens. Matter 9,
7359–7367 (1997).
[48] Hubbard, J. & Flowers, B. H. Electron correlations in narrow energy bands.
Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences 276, 238–257 (1963).
[49] Blaha, P. et al. WIEN2k: An Augmented Plane Wave Plus Local Orbitals Program
for Calculating Crystal Properties. (Techn. Universitat, 2019).
[50] Aichhorn, M. et al. TRIQS/DFTTools: A TRIQS application for ab initio calcula-
tions of correlated materials. Computer Physics Communications 204, 200–208
(2016).
[51] Parcollet, O. et al. TRIQS: A toolbox for research on interacting quantum systems.
Computer Physics Communications 196, 398–415 (2015).
[52] Amadon, B. et al. Plane-wave based electronic structure calculations for correlated
materials using dynamical mean-field theory and projected local orbitals. Phys.
Rev. B 77, 205112 (2008).
121
“ThesisBence” — 2021/5/3 — 10:32 — page 122 — #130
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
References
[53] Aichhorn, M. et al. Dynamical mean-field theory within an augmented plane-wave
framework: Assessing electronic correlations in the iron pnictide LaFeAsO. Phys.
Rev. B 80, 085101 (2009).
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Summary
This thesis describes the scientific achievements of the unique combination of the THz
free-electron laser (FEL) named FLARE (0.2-3 THz) and a 33 T DC magnet, both
provided by the HFML-FELIX Laboratory in Nijmegen. This combination permits to
perform advanced magnetic resonance experiments, amongst which electron paramag-
netic resonance (EPR) and time-resolved cyclotron resonance. Using these techniques
important properties of magnetic materials and semiconductors can be investigated.
Firstly, we have used the combination to measure the transmission of the free radi-
cal 2,2-difenyl-1-picrylhydrazil (DPPH), which is an EPR benchmark system. Our
findings show that the spectral resolution ∆ν/ν was better than 0.1%, one order of
magnitude better than expected, demonstrating that high resolution EPR experiments
are feasible. Furthermore, we found that, although the FEL pulses are generated
independently from each other, they exhibit a high level of coherence. Thus, exper-
iments where coherent light pulses are required, such as pulsed magnetic resonance
experiments, are also achievable within this combination.
Having performed this proof-of-principle experiment, we continued executing experi-
ments where the high-intensity FEL light induced a non-linear response of the sample
under study. The first experiment was performed on the non-magnetic semiconductor
gallium-doped germanium (p-Ge). We chose this sample because previous studies
showed saturation of some cyclotron resonances by intense THz light. Even though this
material is widely used as a detector in THz technology and research, the precise descrip-
tion of the valence band structure is still unclear. The gallium impurities are ionized by
the FEL light, which creates carriers into the valence band, making cyclotron resonance
measurements possible at low temperatures. We detected transmitted light as a function
of incident FEL power and magnetic field at three frequencies (0.43, 0.69, 0.96 THz)
up to a peak intensity of ≈ 105 Wcm2 . We used a semi-classical model to fit the data and
extracted the scattering times, effective masses and populations of the so-called Landau
levels. Because of the high-intensity light, we were able to saturate the non-equidistant
Landau level transitions and to observe a more than 20% shift of the effective hole mass.
Performing field-sweep experiments at different FEL powers monitors the average
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response of the system to the magnetic field. However, using a pump-probe experiment
permits to resolve the dynamics of the photo-excited carriers at any chosen magnetic
field value. This triggered our research towards time-resolved spectroscopy, where
the dynamics of the carriers in the Landau levels can be studied.
For this reason we developed an experimental set-up for the 33 T Bitter magnet, which
enabled us to measure the THz pump-probe signal of p-Ge at low temperature, using
FLARE as a light source. To facilitate the use of the setup in a broad frequency
range, at cryogenic temperatures and in the limited space of a Bitter magnet, we had
to use components that normally are not used for THz optics. In our set-up, the pump
and probe pulses are guided to the sample in the magnet via two separate oversized
waveguides. A silicon prism on top of the sample makes sure that the two beams cross
each other in the sample, after which a second silicon prism guides the transmitted light
into separate waveguides, to avoid cross-talk between the pump and probe beams. We
developed a trombone-like delay line stage, based on oversize waveguides, to induce
time delays between the pump and probe beams. We carefully characterized every
component of the setup before we performed a real measurement. We tested the full
pump-probe setup on p-Ge, which was previously studied and seemed to be a promising
candidate for such an experiment because it was possible to saturate some cyclotron
resonances with FLARE. We found that the dynamics associated with the hole Landau
level transitions of p-Ge occurs on a relatively long time scale of about 1 ns. The
carrier lifetime (or recapture time) in the band was found to be even longer, about
20 ns. Unfortunately, the time window of the measurement was limited to 2 ns by the
length of the delay line, so it turned out that p-Ge was not the most suitable candidate
for this setup. Possibly, two-dimensional electron gases would be better candidates
because no ionization is required for the creation of carriers and they can have lifetimes
below 1 ns. In any case, to perform reliable pump-probe experiments with this set-up,
the performance of the trombone-type delay-line and the double prism sample holder
should be improved, to guarantee a constant pump power on the sample and a better
temporal and spatial overlap of the pump and probe beams.
Finally, we performed a detailed experimental and theoretical investigation of the para-
magnetic insulator KEr(MoO4)2 at low temperatures. At first sight, this study does not
seem to match the previously mentioned topics of the thesis. However, KEr(MoO4)2
was claimed to be extremely sensitive to the intensity of incident microwave light,
causing a light-induced non-equilibrium phase transition at certain magnetic fields. We
tested this idea with the FLARE light but we did not see this effect. Nevertheless, we
do not consider this as a failure because due to the large tunability of FLARE (down
to 0.17 THz), we accessed the yet unknown part of the spectrum of the electronic
excitations by EPR measurements. This revealed an avoided level crossing at 15.6 T
which was associated with a large distortion of the lattice observed by magnetoelastic
strain measurements. The lattice modification is quite peculiar: the sample significantly
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Summary
expands and then suddenly contracts near the crossover magnetic field. We completed
this study with magnetization and magnetic torque experiments to understand the behav-
ior of the magnetic moments of the erbium ions. Our results were supported by ab initio
calculations, which gave qualitative agreement with our measurements, showing that
the field-induced change of the erbium ion quadrupolar moments are responsible for
this lattice modification. Such a comprehensive study of a disordered system is very
rare and we hope that our findings help the understanding of similar materials.
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Dit proefschrift beschrijft de wetenschappelijke resultaten verkregen met een unieke
combinatie van zeer geavanceerde apparatuur: de vrije elektronen-laser (FEL) FLARE
(die zeer intens licht produceert in het verre infraroodgebied, 0,2 – 3 THz), en een
zeer sterke elektromagneet (33 T), die beide staan opgesteld in HFML-FELIX in
Nijmegen. Met behulp van deze combinatie zijn zeer geavanceerde magnetische
resonantie-experimenten mogelijk, waaronder gepulste elektronspinresonantie (EPR),
en tijdopgeloste cyclotron resonantie. Met deze technieken kunnen belangrijke eigen-
schappen van magnetische materialen en halfgeleiders aan het licht worden gebracht.
Als eerste hebben we deze combinatie ingezet om transmissiespectra te meten van het
vrije radicaal 2,2-difenyl-1-picrylhydrazil (DPPH), een referentiestandaard voor EPR.
Uit deze experimenten bleek dat de spectrale resolutie ∆ν/ν beter is dan 0.1%, een
orde van grootte beter dan vooraf verwacht. Daarnaast bleek dat hoewel de FEL-pulsen
onafhankelijk van elkaar gegenereerd worden, er toch een hoge mate van spontane
coherentie is. Dit betekent dat ook experimenten waarvoor deze coherentie van belang
is (gepulste magnetische resonantie, bijvoorbeeld) tot de mogelijkheden behoren.
Nadat aldus was aangetoond dat de spectrometer voldeed aan de verwachtingen, hebben
we experimenten uitgevoerd waarbij de hoge intensiteit van het FEL-licht een niet-
lineaire respons van het onderzochte materiaal veroorzaakte. Deze experimenten
werden uitgevoerd op p-gedoteerd germanium (p-Ge), een niet-magnetische halfgeleider.
We kozen voor dit materiaal omdat eerdere studies lieten zien dat verzadiging van
sommige cyclotronresonanties optrad, als gevolg van intens THz-licht. Hoewel dit
materiaal al veel als detector wordt gebruikt in THz-technologie en -onderzoek, en er
in het verleden al veel onderzoek aan is gedaan, is de precieze beschrijving van de
valentiebandstructuur nog altijd onduidelijk. We maten de hoeveelheid doorgelaten
licht als functie van het vermogen van het invallende licht en het magnetisch veld
voor drie FEL-frequenties (0,43, 0,69, en 0,96 THz), waarbij de hoogste intensiteit
ongeveer 105 W/cm2 was. Vervolgens gebruikten we een semi-klassiek model om de
data te analyseren en de verstrooiingstijden, effectieve massa’s en populaties van de
zogenaamde Landau-niveaus af te leiden. Dankzij de hoge intensiteit van het licht waren
127
“ThesisBence” — 2021/5/3 — 10:32 — page 128 — #136
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
Samenvatting
we in staat om de overgangen tussen de Landau-niveaus, die in dit materiaal ongelijke
onderlinge afstanden hebben, te verzadigen. Als gevolg van de zeer hoge intensiteit van
het licht veranderde de effectieve massa van het elektronengat met meer dan 20%.
Het variëren van de magnetische veldsterkte bij verschillende vermogens van een
vaste laserfrequentie geeft alleen maar informatie over de gemiddelde respons van
het materiaal. Met tijdsopgeloste spectroscopie, en in het bijzonder met pump-probe
spectroscopie, kan men de dynamica direct bestuderen, voor elke willekeurige waarde
van het magnetisch veld. Om deze reden hebben we een experimentele opstelling
voor de 33 T Bitter magneet ontwikkeld, die ons in staat stelt om het THz-pump-
probe-signaal op p-Ge bij lage temperatuur te meten, met FLARE als lichtbron. Om
de opstelling in een breed frequentiebereik te kunnen gebruiken, bij zeer lage (cryo-
gene) temperaturen in de zeer beperkte ruimte die een Bitter magneet biedt (32 mm
diameter), moesten we componenten gebruiken die normaal gesproken niet voor THz
optica worden toegepast. In onze opstelling worden de pomp- en probe-pulsen in
twee afzonderlijke golfpijpen naar het preparaat geleid, waar een siliciumprisma er
voor zorgt dat de popm and probe pulsen elkaar kruisen ter plekke van het onder-
zochte kristal. Vervolgens leidt een tweede siliciumprisma de pulsen weer in twee
gescheiden golfpijpen om kruissignalen tussen de twee kanalen te voorkomen. Voor
de pump-probe-experimenten was ook een vertragingslijn nodig. Deze is ook geheel
opgebouwd uit golfpijpen en ziet er uit als een trombone.
Voordat we aan de daadwerkelijke metingen begonnen zijn, hebben we elk onderdeel
van deze nieuwe meetopstelling zorgvuldig gekarakteriseerd. Vervolgens hebben we de
pump-probe-opstelling getest op p-Ge. Dit materiaal was al eerder bestudeerd en leek
een veelbelovende kandidaat voor een dergelijk experiment omdat, zoals bleek in de
vermogensafhankelijke experimenten, het mogelijk was om enkele cyclotronresonanties
te verzadigen met FLARE-licht. We ontdekten dat de dynamica van de Landau niveau
overgangen in p-Ge plaatsvind op een betrekkelijke lange tijdschaal van 1 ns. De
levensduur van de ladingsdragers in de band blijkt nog langer te zijn, minstens 20
ns. Helaas was de maximale relaxatietijd die we konden meten met de opstelling
beperkt tot 2 ns vanwege de lengte van de vertragingslijn en dus bleek p-Ge niet
de meest geschikte kandidaat voor deze testen. Mogelijk zouden tweedimensionale
elektrongassen betere kandidaten zijn, omdat er geen ionisatie nodig is voor het creëren
van de ladingsdragers en deze laatste een levensduur kunnen hebben van minder dan 1
ns. Teneinde betrouwbare pomp-probe experimenten te kunnen doen dienen de werking
van de trombone-vertragingslijn en de dubbel-prisma preparaathouder verbeterd te
worden, om te garanderen dat het laservermogen op het preparaat constant blijft en om
een goede overlap van de pomp en puls te realiseren, zowel in de tijd als in de plaats.
Tot slot hebben we een gedetailleerd experimenteel en theoretisch onderzoek aan
de paramagnetische isolator KEr(MoO4)2 bij lage temperaturen uitgevoerd. Op het
eerste gezicht past deze studie niet goed bij de andere onderwerpen van dit proef-
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schrift. Er was echter sprake van dat KEr(MoO4)2 extreem gevoelig zou zijn voor de
intensiteit van microgolven, waardoor bij bepaalde magnetische velden faseovergan-
gen geïnduceerd zouden worden door licht, en dit zou uitstekend onderzocht kunnen
worden met onze opstelling. We hebben dit idee inderdaad getest, maar we zagen
helaas geen enkel effect van de lichtintensiteit van FLARE op de transmissiespectra.
Desalniettemin beschouwen we dit niet als een mislukking, omdat we met het grote
bereik van FLARE ook toegang kregen met EPR tot het tot dan nog onbekende deel
van het fasediagram van dit materiaal. Deze metingen lieten zien dat er bij 15,6 T
een zogenaamde avoided crossing (vermeden kruising) van de energieniveaus is, die
gepaard gaat met een ongebruikelijke grote vervorming van het rooster, zoals bleek
uit gevoelige metingen van de magnetische uitzetting. De vervorming van het rooster
is nogal eigenaardig: het monster zet aanzienlijk uit en trekt dan plotseling samen
nabij het magnetische veld van de crossover. Om dit beter te begrijpen hebben we
de magnetisatie bestudeerd als functie van het magnetische veld. Samen met ab ini-
tio berekeningen, die kwalitatief overeenkwamen met onze metingen, blijkt uit deze
resultaten dat de verandering van het quadrupoolmoment van de erbiumionen, die
geïnduceerd wordt door het veld, verantwoordelijk is voor deze vervorming van het
rooster. Een dergelijk effect is uniek voor magnetische isolatoren, en we hopen dat
onze bevindingen helpen bij het begrijpen van vergelijkbare materialen.
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Research data management
This thesis research has been carried out in accordance with the research data
management policy of the High Field Magnet Laboratory and FELIX Laboratory
(HFML-FELIX) of Radboud University, the Netherlands.
The following datasets have been produced during this research:
− Chapter 2: M. Ozerov; B. Bernáth; D. Kamenskyi; B. Redlich; A. F. G. van
der Meer; P. C. M. Christianen; H. Engelkamp; and J. C. Maan. ”FEL-based
THz spectrometer combined with a 33 T magnet” as deposited and described.
CNCZ, Radboud University (2021).
\\immmanuscripts-srv.science.ru.nl\immmanuscripts\HFML-
FELIX\scms\bernath\chapter2
− Chapter 3: B. Bernáth; A. Marchese; D. Kamenskyi; P. Gogoi; H. Engelkamp;
P. C. M. Christianen. ”FEL-based cyclotron resonance spectroscopy on Ga-doped
germanium” as deposited and described. CNCZ, Radboud University (2021).
\\immmanuscripts-srv.science.ru.nl\immmanuscripts\HFML-
FELIX\scms\bernath\chapter3
− Chapter 4: B. Bernáth; A. Marchese; D. Kamenskyi; V. Éless; M. Ozerov;
J. C. Maan; K. Saeedi; A. F. G. van der Meer; H. Engelkamp; P. C. M.
Christianen. ”A THz pump-probe setup for experiments in high magnetic fields”
as deposited and described. CNCZ, Radboud University (2021).
\\immmanuscripts-srv.science.ru.nl\immmanuscripts\HFML-
FELIX\scms\bernath\chapter4
− Chapter 5: B. Bernáth; A. Marchese; D. Kamenskyi; V. Éless; M. Ozerov; K.
Saeedi; A. F. G. van der Meer; H. Engelkamp; P. C. M. Christianen. ”FEL-based
THz pump-probe experiment on p-doped germanium” as deposited and described.
CNCZ, Radboud University (2021).
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− Chapter 6: B. Bernáth; K. Kutko; S. Wiedmann; O. Young; H. Engelkamp;
P. C. M. Christianen; S. Poperezhai; L. V. Pourovskii; S. Khmelevskyi;
D. Kamenskyi. ”Comprehensive study of a single-ion effect in KEr(MoO4)2” as




“ThesisBence” — 2021/5/3 — 10:32 — page 133 — #141
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
Acknowledgements
This work could not have arrived at its final stage without the support and help
from Peter Christianen, Hans Engelkamp, Britta Redlich and Lex van der Meer.
I am grateful to them.
Dmytro Kamenskyi was my daily supervisor until December 2018. He taught me
many interesting things about magnetism and spectroscopy. We spent a lot of time
together, performing experiments and talking about the results. He made me very
enthusiastic about our research topic. He also provided the crystal, which is the topic
of Chapter 6. I thank Dima for his contribution.
Andrea Marchese was my direct colleague to whom I am deeply indebted. He
wrote some of the acquisition, and data analysis software that I used over my PhD
years. He actively took part in almost all my experiments. I learnt a great deal
about semiconductor physics during our lengthy discussions. He never refused to
give a helping hand whenever I needed it.
Apart from the THz setups, I used many other experimental techniques that required
different expertise. I thank the colleagues who helped during these experiments
and participated in the discussions: Alex Bobel, Kamyar Saeedi Ilkhchy, Maarten
Berben, Mikhaylo Ozerov, Olga Young, Sergio Pezzini, Steffen Wiedmann, Uli
Zeitler, Viktória Éless and Vishal Bechai.
For the valuable discussions regarding the germanium project, I thank Ben Mur-
din, Nils Deßmann and Jan Kees Maan.
I am grateful to Sergeii Khmelevskyi and Leonid Poyurovskiy for their theoretical
contribution to Chapter 6. I learnt a lot from them.
The HFML workshop had an invaluable contribution to my thesis. I want to thank
Lijnis Nelemans, Michel Peters, Tom Orton and Bas Peters for their high-quality
work and the friendly approach to all my requests. For the optical, electronical, IT,
cryogenic and installation support I would like to thank Peter Albers, Edwin van Lev-
erink, Hung van Luong, Gideon Laurijs, Frits Janssen and Frans Wijnen. I thank
the FELIX technical staff for their efficient presence during my shifts, especially to
Bryan Willemsen and Arjan van Vliet. They were always happy to provide tools,
133
“ThesisBence” — 2021/5/3 — 10:32 — page 134 — #142
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
Acknowledgements
devices and expertise whenever I requested.
During my PhD time, I had a chance to visit two laboratories outside of Europe.
I thank the host professors, Rohit Prasankumar (Albuquerque) and Zhigao Sheng
(Hefei), for showing me their labs. Their humble and enthusiastic approach to
science motivated me a lot.
For a successful PhD trajectory, a friendly and stimulating working environment
is also essential. Hereby, I would like to thank all my colleagues with whom I
shared at least a small part of my PhD years within HFML-FELIX: Alexandros,
Alix, Anatolie, Anderson, Andrew, Andries, Angela, Arjan, Ben, Bryan, Claudius,
Davide, Erna, Femke, Fernando, Francesca, Ine, Ineke, Inge, Irina, Jasper, Jianming,
Jonathan, Jos, Koen, Laurens, Lisa, Lucas, Mariana, Marielle, Marion, Marloes, Mar-
tin, Maryam, Masoumeh, Matthias, Maurice, Mikhail, Miriam, Papori, Pavel, Roger,
Roos, Rubi, Salvo, Sandra, Sanne G., Sanne K., Suruchi, Thera, Thomas and Tim. I
am thankful to the Hungarian island of the FELIX lab, composed by Viktória and
Julianna, for the always refreshing chats.
Physical well-being was also essential to achieve my PhD goals. I wish to thank N.S.T.V.
Trion for accepting me into the club and improving my skills in swimming, biking,
running and Dutch. I met many hard working people there, who set a great example
for me. It was really great to train with and occassionally race with Adriaan , Amy,
Anna, Bianka, Bram, Charlotte, David, Dieuwertje, Eline, Ellen, Elsemieke, Ernst,
Eva, Francesco, Geke, Gerda, Grite, Hidde, Hilde, Immy, Jelle, Jet, Joost, Jop, Kirsten,
Laura, Loes, Luc, Luuk, Machiel, Manon, Marleen, Miriam, Nils, Norbert, Roeland,
Roelof, Sandra, Sep, Sibrecht, Steven, Stijn, Taco, Tom(s) and Wan-Ying. I especially
thank Anneliek, Jan-Willem, Luc, Aukje and Viktor (honorary Trion member) for the
unforgettable 2018 Fietsvakantie from the Netherlands to Hungary. Spending time and
training with you was always a great pleasure. Special thanks to Bart for our insightful
discussions about training in general and for introducing me to cold-water exposure.
YogaPoint Nijmegen also became a fundamental part of my well-being. The Ash-
tanga practice taught me a lot about myself, and I am grateful to the community,
especially to Frank, our teacher, and Ester, for her caring presence before, dur-
ing and after the practice.
I want to thank Iron Wolf for his workout routines. His work has been an incredible
help and inspiration for me in these tough pandemic times.
To finish the PhD thesis, I had to take care of my mental health as well. Thank God
that I had the right people alongside me. I am extremely grateful for the Catch-22
group led by Nigel Hussey: Caitlin, Danny, Jake, Maarten, Matija, Roemer, Sven,
Thom and Yu-Te. They have followed my PhD story from 2020 February, giving me
encouragement and hope. Nigel has supported my progress and trusted me, which
has been crucial to achieving my goals. He has given me an excellent example of
performing scientific work, and leading a group.
134
“ThesisBence” — 2021/5/3 — 10:32 — page 135 — #143
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,30)10 (-5,30)(1,0)10 (0,35)(0,-1)30 picture
picture(0,0) (-30,0)10 (-30,-5)(0,1)10 (-35,0)(1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picturepicture(0,0) (30,0)10 (30,-5)(0,1)10 (35,0)(-1,0)30 (0,-30)10 (-5,-30)(1,0)10 (0,-35)(0,1)30 picture
Acknowledgements
Since 2016 I have been a member of the Campus Choir. Our Monday rehearsals always
cleansed my mind and helped me to relax. I thank the service of the conductor of the
choir, Willibrord Huisman. His enthusiastic conduction and personality always made
the singing a joyful experience. I also thank the choir members for the ever welcoming
environment: Chen, Céline, Eileen, Eline, Elizabeth, Emily, Gabriel, Hendrik Jan, Ilse,
Johan, Joke, Katarina, Klara, Laurens, Leonie, Lieke, Luisa, Mara, Martijn, Noëmi,
Rebecca, Rosemarijn, Sarah, Shervin, Simon, Tanya, Vera and Viktorija.
I am grateful to Therese Frankenhuis for helping me to embrace the Dutch cul-
ture and language.
I wish to thank Davide, my friend and former flatmate, for our inspiring conversations
and the support he gave me over my PhD. I also thank Ljiljana, my fellow PhD from
Lausanne, for our chats over science and all kind of evolution in life.
I spent my Sunday evenings with the Student Chaplaincy. I am grateful to Joseph
Geelen for keeping the Sunday mass group together and organizing numerous activities.
In this church, I met many wonderful people who brought colour to my life, and I
am grateful to them: Alessandro P. ,Alessandro, Ambra, Andreas, Angelina, Astri,
Bernadeta, Chanthal, Dario, Davide, Doris, Gerrit, Irene, Iris, Iris V., Jasmijn, Jordy,
Katarina, Koen, Maria, Riccardo and Rosarita. I want to thank Agustín Delouvroy
for visiting our church and giving us very inspirational talks about missionary work
within The Missionary Servants of the Poor movement.
I am very thankful to Herwi Rikhof for the spiritual accompaniment. Our talks always
helped me to reflect on myself and make the next step forward.
Nagyon hálás vagyok szüleimnek, akik mindenben támogattak és döntéseimben sz-
abadon hagytak már gyermekkorom óta. Ők tanítottak meg keményen dolgozni,
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Köszönöm Omar barátom kitartó érdeklődését a PhD dolgozatommal kapcsolatban
és a hosszú beszélgetésinket.
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